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ABSTRACT
BENDING, WRINKLING, AND FOLDING OF
THIN POLYMER FILM/ELASTOMER INTERFACES
SEPTEMBER 2013
YURI EBATA
B.Sc., UNIVERSITY OF CALIFORNIA BERKELEY
M.Sc., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alfred J. Crosby

This work focuses on understanding the buckling deformation mechanisms of
bending, wrinkling, and folding that occur on the surfaces and interfaces of polymer
systems. We gained fundamental insight into the formation mechanism of these buckled
structures for thin glassy films placed on an elastomeric substrate. By taking advantage
of geometric confinement, we demonstrated new strategies in controlling wrinkling
morphologies. We were able to achieve surfaces with controlled patterned structures
which will have a broad impact in optical, adhesive, microelectronics, and microfluidics
applications.
Wrinkles and strain localized features, such as delaminations and folds, are
observed in many natural systems and are useful for a wide range of patterning
applications. However, the transition from sinusoidal wrinkles to more complex strain
localized structures is not well understood. We investigated the onset of wrinkling and
strain localizations under uniaxial strain. We show that careful measurement of feature
amplitude allowed not only the determination of wrinkle, fold, or delamination onset, but
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also allowed clear distinction between each feature.

The folds observed in this

experiment have an outward morphology from the surface in contrast to folds that form
into the plane, as observed in a film floating on a liquid substrate. A critical strain map
was constructed, where the critical strain was measured experimentally for wrinkling,
folding, and delamination with varying film thickness and modulus.
Wrinkle morphologies, i.e. amplitude and wavelength of wrinkles, affect
properties such as electron transport in stretchable electronics and adhesion properties of
smart surfaces.

To gain an understanding of how the wrinkle morphology can be

controlled, we introduced a geometrical confinement in the form of rigid boundaries.
Upon straining, we found that wrinkles started near the rigid boundaries where maximum
local strain occurred and propagated towards the middle as more global strain was
applied. In contrast to homogeneous wrinkling with constant amplitude that is observed
for an unconfined system, the wrinkling observed here had varying amplitude as a
function of distance from the rigid boundaries. We demonstrated that the number of
wrinkles can be tuned by controlling the distance between the rigid boundaries.
Location of wrinkles was also controlled by introducing local stress distributions
via patterning the elastomeric substrate. Two distinct wrinkled regions were achieved on
a surface where the film is free-standing over a circular hole pattern and where the film is
supported by the substrate. The hoe diameter and applied strain affected the wavelength
and amplitude of the free-standing membrane.
Using discontinuous dewetting, a one-step fabrication method was developed to
selectively deposit a small volume of liquid in patterned microwells and encapsulate it
with a polymeric film. The pull-out velocity, a velocity at which the sample is removed
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from a bath of liquid, was controlled to observe how encapsulation process is affected.
The polymeric film was observed to wrinkle at low pull-out velocity due to no
encapsulation of liquid; whereas the film bent at medium pull-out velocity due to
capillary effect as the liquid evaporated through the film.

To quantify the amount of

liquid encapsulated, we mixed salt in water and measured the size of the deposited salt
crystals.

The salt crystal size, and hence the amount of liquid encapsulated, was

controlled by varying either the encapsulation velocity or the size of the patterned
microwells. In addition, we showed that the deposited salt crystals are protected by the
laminated film until the film is removed, providing advantageous control for delivery and
release. Yeast cells were also captured in the microwells to show the versatility. This
encapsulation method is useful for wide range of applications, such as trapping single
cells for biological studies, growing microcrystals for optical and magnetic applications,
and single-use sensor technologies.
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CHAPTER 1
INTRODUCTION

1.1

Project Overview
Buckling instabilities are observed in everyday life across a wide range of length

scales, from micro-scale deformation such as wrinkles on human skin to macro-scale
deformation such as mountain ridge formations. Buckling instabilities occur when a
critical state is reached upon in-plane compression, which results in out-of-plane
deformation. Wrinkling, folding, and bending of a surface are all examples of buckling
that occur on a surface. These buckled structures have been studied over the years
extensively both theoretically[1–4] and experimentally[5–9]. Many early studies have
focused on how to avoid the formation of these structures since buckling was often
considered a mode of failure[10]. More recently, there has been a growing interest in
intentionally introducing buckled structures as a way to introduce topography on a
surface. Wrinkling has especially been studied as a surface patterning method due to the
ability to rapidly form various regularly-spaced patterns on a large surface, without the
use of expensive machineries or complicated lithography processes[11–13]. Moreover,
wrinkles can be used for smart, responsive surfaces because of their reversibility[14].
Because of their inherent surface patterning capability, buckled structures have
received increased attention for various applications and processes.

For example,

wrinkles have been used as a template to direct the assembly of particles[15] or assist in
the ordering of liquid crystals[16]. Buckling delamination has been used in microfluidics
as a means to open and close channels for fluid flow[17]. Others have used the formation
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of buckled lenses to quantify the mechanics of cell sheets[18]. Many researchers have
taken advantages of the buckled structures to fabricate flexible microelectronics[19–22].
Optical[23,24] and adhesive properties[25,26] have also been tuned by controlling the
formation of buckled structures on a surface.
Although there have been advancements in understanding buckling instabilities,
there are still several fundamental questions that have not been answered. Most buckling
work has focused on the formation of one specific structure. However, two or more
buckled structures can form and co-exist on the same surface in many material systems.
For instance, when a wrinkled surface is laterally compressed further, localization may
occur in the form of folds or delaminations. This transition from wrinkles to localized
features has not been studied extensively, yet it is critical for many biological
systems[27].

Also, the effect of boundary conditions on the formation of buckled

structures is still largely unknown. The variety of applications that buckled structures can
be used for may expand if they can be controlled precisely. Therefore, our primary
motivation for this thesis is to study the various buckling behaviors such as wrinkling,
folding, and bending that occur on a thin film in order to identify material and geometric
parameters that govern these phenomena.
We first prepared glassy polymeric films with varying thicknesses attached to an
elastomeric substrate to investigate the transition from wrinkling to strain localized
structures, such as folds and delaminations. Second, we studied the effect of a rigid
boundary condition on the formation of wrinkles. Third, we patterned the underlying
elastomeric substrate and examined how the pattern geometry affected the wrinkle
morphology on a free-standing membrane. Building on our understanding of thin film
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and elastomer interfaces, we finally developed a simple technique to encapsulate a small
amount of liquid inside microwells.

1.2

Background

1.2.1

Wrinkling Mechanics
The mechanism of wrinkle formation is described by the competition between

bending and stretching of a material. When an elastic material of thickness t, modulus E,
and Poisson’s ratio  is deformed with applied strain , the surface remains flat until the
critical strain for buckling

is reached[28]. The deformation is dictated by the energy

cost of bending the film,

and stretching the film,

uniaxially deformed material of length , and width

. The total energy

for a

, is described as:
(1.1)

where the bending and stretching energy are described as[29]:
(

∫

)

(1.2a)

∫
In equation (1.2a) and (1.2b),
stiffness of the film, and
to note here that

and

(1.2b)

is the out of plane displacement,

is the bending

is the tension along the stretching direction. Is it important
, which corresponds to

and

. This shows

that the thickness of the material plays an important role in selecting which deformation
mode is more preferable, bending or stretching.

For thin films, bending is more

preferred, whereas thick materials would rather stretch upon applied strain.
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Consider a thin film supported by an elastic foundation. Upon straining, the
stretching energy described in equation (1.2b) is analogous to the energy in an elastic
foundation

supporting a thin film[30]:
∫

where

(1.3)

describes the substrate’s resistance to stretching. Assuming that the thin film is

inextensible, equations (1.2b) and (1.3) are equated and the expression

[29] is

found. By approximating a smooth sinusoidal deformation of the thin film for wrinkling,
the bending and stretching energy scale as[31]:
( )

(1.4a)
(1.4b)

where

and

are the wavelength and the amplitude of the wrinkles, respectively. The

total energy cost of wrinkling the film uniaxially is[31]:
(1.5)
where

is the deformation distance. Minimizing this total energy, the wrinkling

wavelength scales as[29]:
( )

1.2.2

(1.6)

Strain Localizations: Folds and Delaminations
Other buckling modes such as delaminations[32–34] and folds[35–38] of thin

films have been researched over the years. However, the relationship between wrinkling,
folding, and delamination is still not well understood, especially in the context of ultrathin films confined to a soft material substrate.
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The onset of wrinkling and delamination has been compared by Mei et al. for thin
films on elastomeric substrates[39]. The critical stress for wrinkling

based on energy

analysis is[40]:
̅

̅

(̅ )

(1.7)

In equation (1.7), ̅ and ̅ are the plane-strain moduli of the substrate and the film,
which also equal to ̅



and ̅

 , respectively. On the other

hand, an implicit expression for the buckling delamination stress where elastic
deformation of the substrate is considered, is derived by Yu and Hutchinson[41]:
√

( √

)

(

)

(1.8)

Figure 1.1: Comparison between the critical stresses for wrinkling and buckle
delamination. The open symbols are numerical results from equation (1.8) for various
b/t ratios. The dashed lines indicate the limiting stresses for buckle delamination[39].
Used with permission: Applied Physics Letters, 2007
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In equation (1.8),

is the buckling stress,

the film thickness, and

is the critical stress for delamination, is

is the half-width of the delamination.

,

determined numerically and depend on the ratio b/t and the stiffness ratio ̅

, and

are

̅ [41]. The

critical stresses for wrinkling and delamination, defined by equation (1.7) and (1.8), are
compared as a function of stiffness ratio in Figure 1.1[39]. The plot shows that when the
substrate stiffness is high, the delamination stress is lower than the wrinkling stress –
dictating that delamination occurs first as compressive stress develops in the film. For
more compliant substrates, wrinkling stress is lower than the delamination stress, and the
film wrinkles.
Folding is another mode of strain localization.

Pocivavsek and Cerda have

recently investigated the relationship between wrinkles and folds in floating a thin film
on water under simple uniaxial compression[31].

The transition from wrinkling to

folding as the film is compressed was observed experimentally by monitoring the

Figure 1.2: The transition from wrinkling (A1/λ) to folding (A0/λ) for polyester films on
water. The scattered data is the experimental results and the solid line represents the
numerical result for the film size of L = 3.5λ. The inset shows the numerical results for
various film sizes[31]. Used with permission: Science, 2008
6

amplitude of the deformation as shown in figure 1.2[31].

and

are the amplitudes of

the fold and the neighboring wrinkles, respectively, and d is the dimensionless lateral
displacement,

, where

folding amplitude

increased linearly with respect to

increased proportionally as
at higher strains, when
whereas

is the global deformation distance. At low strains,
, while wrinkling amplitude

. Both experimental and numerical results show that
(i.e.,

),

continued to increase linearly

started to decay, signifying the wrinkle-to-fold transition for a film

compressed uniaxially on water.
As Pocivavsek and Cerda discuss in their work, unlike wrinkling which is a
smooth sinusoidal deformation, folding is a sharp localization where non-linear
deformation must be accounted. For a floating film, the total energy of the folded state
scales as[31]:
(1.9)
The difference between the total energy of the wrinkled state shown in equation (1.5) and
the total energy of the folded state shown in equation (1.9) is the higher order term. This
higher order term lowers the overall energy as the film is compressed and folding
becomes energetically favorable for the system.
energies are within 10% of each other around

The theoretical wrinkle and fold
, which is in agreement with what is

observed experimentally.
Holmes and co-workers have also studied the transition between wrinkling to
folding of a floating axisymmetric thin film on water. The film was lifted out of the
water by a spherical probe to determine how the geometry and boundary conditions affect
the wrinkling and folding phenomena[42]. Vertical probe displacement was monitored
7

using a nanopositioner, while the force required to deform the film was measured using a
load cell. The scaling relationship between critical displacement for the wrinkle to fold
transition and the film thickness was found to be consistent for the uniaxial compression
and the axisymmetric lifting case. The difference in geometry between the two cases
manifests in the wrinkles near a fold. In the case of uniaxial compression, only the
wrinkle amplitude decreased upon folding.

Under the axisymmetric conditions, the

wrinkle amplitude decreased but the wrinkle wavelength also decreased at the onset of
wrinkle-to-fold transition which implies that the radial stress increased in the surrounding
material upon onset of strain localization[42].

1.3

Thesis Organization
Prior buckling studies have shown that wrinkles transition into folds at a high

applied strain for a film floating on a liquid. However, a fundamental understanding of
the transition from wrinkle to strain localization, specifically on elastic foundations, is
lacking.

Our work presented here was designed to further our understanding of the

differences and similarities of wrinkling and strain localizations, and investigate the
transitions that occur on the surface of a thin glassy film placed on an elastomeric
substrate.

Also, we aimed to extend our existing knowledge of thin film buckling

mechanics by investigating the effect of the geometry, boundary conditions, and material
systems.

1.3.1

Project Aims and Governing Questions

The project objectives and governing questions for each chapter is listed below:
Chapter 2: Wrinkling and Strain Localizations
8

Objective: Investigate the transition from wrinkles to folds and delaminations for
thin polymer films attached to an elastomeric substrate
•

What is the difference between wrinkling, folding, and delamination?

•

What material and geometrical properties affect the transition from
wrinkles to strain localized features?

Chapter 3: Wrinkling with Confined Boundaries
Objective:

Study how wrinkle amplitude varies with position between rigid

boundaries
•

How does wrinkle amplitude increase as a function of applied strain?

•

Can we systematically control the wave number?

Chapter 4: Mechanics of Wrinkling Membranes
Objective: Examine the scaling of amplitude and wavelength of a free-standing
circular membrane
•

How does the geometry, such as pattern size, pattern spacing, and film
thickness affect the wrinkling wavelength?

•

How is the wrinkling behavior different in free-standing membranes
compared to the supported film?

Chapter 5: Liquid Encapsulation in Microwells
Objective: Develop a single-step method for encapsulating water in hydrophobic
microwells
•

How does the pull-out velocity and geometry affect the amount of liquid
captured in the patterned microwells?

•

How can we quantify the amount of water captured in the microwells?
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•

Can we use this method to capture or deposit particles or crystals
suspended or dissolved in water?
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CHAPTER 2
WRINKLING AND STRAIN LOCALIZATIONS

2.1

Introduction
Wrinkling is a phenomenon commonly observed in everyday life, such as in aging

human skin or ripening fruits, and has been studied extensively both theoretically[43–45]
and experimentally[46–49].

In contrast to the periodic sinusoidal deformation of

wrinkling, strain localization, such as folding or delamination, may occur as an applied
compressive strain increases beyond a critical value. These strain localizations occur due
to instability associated with a geometric non-linearity[31]. In essence, localization of
applied global strains necessitates the growth of a particular wrinkle in comparison to its
neighbors.

This transition from wrinkles to localized features is crucial for

morphogenesis of many biological systems, such as ciliary folds in embryonic
development[50], and has also raised interest among researchers for technological
applications, such as microelectronics[21] and microfluidics[51].

However, a

fundamental understanding of the transition from wrinkling to strain localization is still
lacking.
Recently, several researchers have investigated the wrinkling and folding of a thin
film floating on a fluid surface[31,38,42,52]. Under uniaxial compression, wrinkling
amplitude scaled as the square root of applied strain until a fold occurred. As the wrinkle
transitioned to a fold, its amplitude increased linearly; whereas, adjacent wrinkle
amplitudes decayed.

These important experimental results provide a starting point

towards understanding the relationship between wrinkling and strain localization, but the
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geometry, boundary conditions, and material systems were not relevant for many
technologies where solid-solid interfaces are used. These differences are likely to play a
critical role in the transition from wrinkling to folding. In this chapter, we investigated
the differences among wrinkling, folding, and delamination of a glassy polymer film
attached to an elastomeric substrate.

Using measured differences in amplitude, we

examined how material parameters controlled the critical strains for the transition from
wrinkling to strain localization.

2.2

Experimental Approach

2.2.1

Materials Preparation
In order to investigate the transition from wrinkling to strain localization, we

chose polystyrene for the film material and PDMS-based elastomer (Dow Corning
SylgardTM184, x-PDMS) for the substrate material. Polystyrene was chosen as the film
material because film thickness could be controlled very precisely. x-PDMS was chosen
because the modulus could be tuned easily by changing the pre-polymer to cross-linker
mixing ratio. The substrate was prepared by mixing the pre-polymer with the crosslinker in 20:1 and 10:1 ratios. The mixture was then degassed for 30 minutes, poured
into a 10 cm by 10 cm polystyrene petridish with a thickness of 3-5 mm, and cured at 70
C° for 20 hours. After cooling, the x-PDMS substrate was cut into rectangular sections of
6 cm x 1 cm x 4 mm. The elastic modulus (

) of these substrates was measured using a

JKR contact mechanics technique with a 5 mm diameter spherical glass probe[53]. The
average

of substrates prepared from 20:1 and 10:1 formulations was 0.75 ± 0.05 MPa

and 1.85 ± 0.3 MPa, respectively.
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Atactic polystyrene (PS) with MW~115 kg/mol and ~1050kg/mol was used as
received from Polymer Source, Inc. PS solutions in toluene were prepared at various
concentrations and spun cast onto a clean sheet of mica. The experimental conditions
and parameters used for this experiment are summarized in appendix A. The thickness of
PS film was varied from 5 nm to 180 nm, as measured by a Filmetrics F20
interferometer, a Zygo NewViewTM 7300 optical profilometer, and a Veeco Dimension
3100 atomic force microscope.

2.2.2

Mechanical Deformation Experiments
The x-PDMS substrates were stretched by ~10% on a custom-built uniaxial strain

stage manually in the direction of the substrate’s long axis. A PS film was floated on
water, transferred to a circular washer, and then subsequently transferred to the prestretched x-PDMS substrate. As the global strain (ε, distance compressed divided by the
original length) was released, surface deformations, including wrinkles, folds, and
delaminations, were observed using an optical microscope, an optical profilometer, and
an atomic force microscope.

The global strain rate was approximately 0.0025 s-1.

Optical microscopy and optical profilometry measurements of surface deformations were
made with 60 s of reaching specified applied strains.

2.3

Results
We observed different surface deformations, shown schematically and in

representative optical micrographs in Figure 2.1, as global compressive strains were
applied to the PS films attached to the x-PDMS substrates. In general, wrinkling is a
sinusoidal and uniform deformation; whereas, folding and delamination have a localized
13

Figure 2.1: Schematic and optical microscope images of a. wrinkling, b. folding, and c.
delamination[97]. The scale bar is same for all images, and the film thickness and applied
global strain are a. t=60 nm, ε=0.02, b. t=25 nm, ε=0.04, c. t=60 nm, ε=0.05. Used with
permission: Soft Matter 2012.

increase in amplitude. Folds generally formed in a staggered manner.

Delaminations

propagated across the surface. Delamination, in general, can be differentiated from
folding in optical images by the interference pattern caused by the air gap between the
film and substrate, but for localizations with dimensions smaller than optical resolution
the differences in amplitude and curvature shown in Figure 2.3 must be used for
differentiation. Also, we did not observe any sliding of the film with respect to the
substrate in our experimental system at macroscopic length scales.
The critical global strain for each deformation is defined as w for wrinkling, f for
folding, and d for delamination. Wrinkling has a well-defined wavelength, λ, which
depends on film thickness, t, the elastic modulus of the film Ef, the elastic modulus of the
substrate Es, and scales as:

(
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̅
̅

)

(2.1)

Figure 2.2: Wrinkling wavelength for x-PDMS substrates with varying PS film
thicknesses[97]. The circular markers are the average values for of wrinkling wavelength
for each film thickness and the line is the linear fit to our experimental data. The
wrinkling wavelength is linearly proportional to film thickness with a slope dictated by Ef
and Es. The modulus of the x-PDMS substrate was 1.82 MPa (left) and 0.71 MPa (right).
The wrinkling wavelength was measured at the onset using optical profilometer or optical
microscope with Fast Fourier Transform. Used with permission: Soft Matter 2012.

In our material system, it was confirmed that the wrinkling wavelength follows the
classical scaling represented in equation (2.1), as shown in Figure 2.2. For substrates
with two different moduli, the wrinkle wavelength was linearly proportional to film
thickness. The slope of the linear fit is a function of Ef and Es, which corresponded to
0.047 and 0.061 for 1.82 MPa and 0.71 MPa, respectively.
To investigate the differences quantitatively between the wrinkles and strain
localized features, the amplitude of the buckled structures was quantified as a function of
the compressive global strain. In this thesis, amplitude is defined as the distance between
the peak and the valley of the buckled features. Figure 2.3 shows the amplitude growth
of a single wrinkle transitioning into a strain localized feature as global strain is applied,
and is compared to the amplitude growth of a nearby wrinkle which is not observed to
15

Figure 2.3: Amplitude as a function of applied global strain for a. delamination and b.
fold[97]. The amplitude of a nearby wrinkle is shown in both a. and b. in open circles.
The solid black line in a. shows the square root scaling for wrinkling predicted by
equation (2.2). The experiments shown were a. 230 nm thick PS film on 20:1 x-PDMS
and b. 70 nm thick PS film on 20:1 x-PDMS, respectively. Used with permission: Soft
Matter 2012.

localize on the same sample.
The amplitude of a wrinkle is known to scale as[10]:
(2.2)
where ε is the applied global strain and Aw is the amplitude of wrinkling. For low global
strains, the amplitude of all topographic features followed the wrinkling behavior
described in equation (3.2). When delamination occurred, the amplitude of a local
feature increased discontinuously at εd and continued to increase with global strain
(Figure 2.3a). The wrinkle amplitude nearby the delamination (distance of 3λ away)
decreased at the instant delamination occurred, but continued to increase as more strain
was applied. For structures which we describe as folds (Figure 2.3b), the amplitude
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slowly deviated from the wrinkling behavior and had a linear relationship with the
applied global strain up to a strain of 0.1. This linear relationship is consistent with the
observed high strain behavior of a film compressed on a liquid substrate[31,42]; however,
important differences are observed. First, the wrinkling amplitude near the fold (3λ
away) did not decay after the fold formation. This observation confirms that the strain
released during fold formation is a local event, and the global strain is recovered over a
materials-defined length scale associated with the thickness of the film and the elastic
modulus mismatch of the film and the substrate. We observe that this distance is on the
order of λ, which is consistent with interfold length scales recently observed for a thin,
glassy block copolymer film placed on an elastomer[54]. A second difference between
the folds observed in our experiments and folds on liquid substrates is that multiple folds,
not a single fold feature, are observed across the entire sample (Figure 2.1b). Again, this
observation is consistent with the concept of strain released during folding being local,
such that films with lateral dimensions greater than a material-defined size will exhibit
multiple folds.
A closer look at the topographic shape of each deformation also highlights key
differences compared with features observed in compressed films on liquid surfaces. A
cross-section in Figure 2.4a, obtained by optical profilometry, shows that the
delamination amplitude is very large compared to the amplitude of wrinkling or folding,
and that the wrinkling amplitude near a delamination decreases. Wrinkle and fold crosssections are similar, but folding shows one peak that is slightly larger than other peaks.
This is also observed in the topographic images and cross-section of wrinkles and folds
obtained by AFM, as shown in Figure 2.4c and 2.4d. It is important to note here that the
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Figure 2.4: a. Cross-section and b. second derivative of amplitude with respect to
position for a typical wrinkle, fold, and delamination[97]. This experiment was shown
was conducted on 60 nm film placed on 20:1 x-PDMS. The data was collected at an
applied strain of 0.081 using an optical profilometer. c. Three-dimensional AFM image
and d. cross-section amplitude data of a folded region. The amplitudes of folds are
larger than that of wrinkles directly adjacent to the folds. This experiment was shown
was conducted on 45 nm film placed on 20:1 x-PDMS. The data was collected at an
applied strain of 0.04 using AFM. Used with permission: Soft Matter 2012.

folding we observed was always out of the substrate, which contrasts other recent
observations for folding films[31,54] Since the amplitude change for a fold can be slight
at the initial onset, the second derivative of amplitude with respect to the distance, or
curvature, can highlight the key difference between wrinkling and folding, as shown in
Figure 2.4b. For sinusoidal wrinkling, the second derivative also is sinusoidal. For
folding deformations, the localization feature has a curvature that deviates from a smooth
18

sine wave. A large negative curvature is observed at the peak of the fold, and the
difference between the peak and valley of the fold curvature is significantly larger than
that of the wrinkle.
In order to study the amplitude progression as a function of applied global strain
more statistically, an amplitude histogram as a function of global applied strain is
constructed by quantifying the amplitudes of all surface deformations across a
representative area of a compressed sample. To collect this data, a program written in
Matlab® (See Appendix B for the code) takes three-dimensional data from optical
profilometry measurements and calculates a histogram of the amplitude distribution.
Figure 2.5 shows a representative amplitude histogram as a sample was compressed. The
first column shows the amplitude histogram just after wrinkling occurred on the surface.
Since wrinkling is a uniform, sinusoidal deformation, a single peak corresponding to the
average wrinkling amplitude is observed. It is important to note that there is
polydispersity in the amplitude values even in wrinkling, signifying non-uniformity

Figure 2.5: Amplitude histogram progression of a sample with film thickness of 60 nm
placed on top of 20:1 x-PDMS as applied strain is increased[97]: On the y-axis is the
normalized frequency count, showing relatively how many times each amplitude is
observed on a given sample across the optical field. The analyzed image has a
dimension of 0.07 mm by 0.05 mm, and the optical profilometer has a lateral resolution
of 0.11 mm. The amplitude data was compiled from optical profilometry data using
Matlab® program (see Appendix B for the code). As the applied strain increased,
amplitude peaks for various deformations appeared. Used with permission: Soft
Matter 2012.
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across the surface. As the system is compressed further, folding occurred, and the
amplitude histogram is shown in the second column. After folding, wrinkling features
were still dominant as indicated by the larger frequency, but a second peak associated
with fold features is observed at higher amplitudes. The wrinkle distribution is also
observed to increase in width, which is likely associated with small decreases in wrinkle
amplitudes very near to the fold features. After delamination occurred, shown in the third
column, the wrinkle amplitude distribution split into multiple peaks. This is associated
with the decrease in wrinkle amplitude near delamination features, as shown in Figure
2.3a.
Using the trademarks described above to distinguish among the buckled
structures, we measured the critical strain for the onset of each deformation mechanism
as a function of film thickness. Figure 2.5 shows our measurement of the critical strain
for wrinkling, folding, delamination as a function of film thickness for two different xPDMS substrates, with an average elastic moduli of 1.95 MPa (10 : 1) and 0.75 MPa (20 :
1), as well as two different PS materials with molecular weights of ~115 kg mol 1and
~1050 kg mol1. In the plot, we have combined the experimental data from the two
different molecular weights. We define the general critical strain, εc as:
(2.3)
where Δc is the global deformation distance at which the first deformation mode is
observed for a representative area on the sample, and L0 is the original length of the xPDMS sample. For the flat to wrinkle transition, the critical strain is known to scale
as[12]:
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Figure 2.6: A deformation mode map showing the critical strains for wrinkling, folding,
and delamination with varying film thicknesses[97]. The solid marker represents the
experimental data for 10:1 x-PDMS substrates and the open marker represents the
experimental data for 20:1 x-PDMS substrates. The experimental data for two different
molecular weights (115 kg mol-1 and 1050 kg mol-1) has been combined in this plot. The
black, circular markers are for the experimental data for wrinkling, the blue, triangular
markers are for the experimental data for folding, and the red, square markers are for the
experimental data for delamination. The black lines show the wrinkling critical strain
based on equation (2.4), red lines show the delamination critical strain based on equation
(2.10), and the blue lines show the folding critical strain based on equation (2.11) (see
Discussion section). The gray shadow indicates the region where wrinkling is expected,
the blue shadow indicates the region where folding is expected, and the pink shadow
indicates the region where delamination is expected. Used with permission: Soft Matter
2012.
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( )

(2.4)

where Δc,w is the critical deformation distance for wrinkling. Consistent with equation
(2.4), we find the critical strain for wrinkling is approximately 1% and is independent of
film thickness. Qualitatively, we observed folding in thinner films, and delamination in
thicker films. Wrinkling always occurred before localization for film thickness between 5
nm and 180 nm.

2.4

Discussion
Our results indicated clear differences between wrinkle and strain localized

features, providing details of the transition from wrinkling to strain localization in thin
films supported by an elastic foundation. In this discussion, we focused on three main
topics: (1) the differences of local amplitude measurements compared to global, statistical
amplitude measurements, (2) the critical strain for localization as a function of film
thickness, and (3) the observed out-of-substrate growth for folds in our materials system.

2.4.1

Local vs. Statistical Amplitude Analysis
Both local and statistical amplitude analysis reveal interesting features of

wrinkling, folding, and delamination. Locally, wrinkles behaved sinusoidally with one
wavelength and amplitude. Globally, the amplitude histogram showed a distribution of
amplitude values centered around an average. While this observation may be intuitive in
the context of natural heterogeneities associated with experimental systems, we are not
aware of previous reports of a similar quantitative measurement. This distribution is
important, especially in the context of strain and stress localization associated with non22

linear deformation transitions, such as folding and delamination. Both the local and
statistical analyses showed that the wrinkling amplitude increased smoothly as the
applied strain was increased until localization. When folds form, local deformation
measurements revealed that the amplitude of the fold increased slightly compared to the
amplitude of a nearby wrinkle. From global, statistical measurements, a peak emerged at
a higher amplitude compared to the average wrinkle amplitude, showing again that
multiple folds occurred across the entire sample. Also, a broadening of wrinkling peak
was observed after the fold formation. This broadening is likely associated with a small
overall decrease in the amplitude of wrinkles near each of the folds, although this
decrease is not always evident locally (Figure 2.2). As strain increased, delamination
occurred and a distribution in the global statistical measurements was observed at very
high amplitudes.

Additionally, the wrinkle distribution was observed to split into

multiple peaks. It is important to note here that the dominant peak is still the original
wrinkling peak, even after the formation of strain localization; however, the peak again
broadened, signifying that the wrinkles were less uniform after the formation of
delaminations. This non-uniformity was consistent with the observation of local
measurements (Figure 2.2a), where the wrinkle amplitude decreased near the
delamination.

2.4.2

Critical Strain for Localization
A critical strain map was constructed (Figure 2.5) as a function of film thickness,

and it was observed generally that folding occurred in thin films and delamination
occurred predominantly in thick films. This observation is consistent with the classical
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description of delamination. When the elastic strain energy released due to the
delamination of interfacial area equals or exceeds the critical energy for separating the
interface into two surfaces, Gc, then delamination will occur. The critical strain equation
for delamination is derived by following the energy approach by Vella et al.[55]. For a
stiff thin film with thickness t placed on a compliant substrate with thickness h, the total
elastic energy U for n identical blisters with height δ and width μ is a combination of the
energy contribution due to bending of the thin film and the elastic energy of the substrate
that is localized directly underneath the blisters[55]:
(

)

(2.5)

where D is the bending stiffness of the film, w is the width of the film, Es is the substrate
elastic modulus,

is a lengthscale that defines the volume over which substrate

deformation occurs, and

is the strain accommodated by each blister.

In our

experimental system, the blisters width is on the order of meter, whereas the width of the
film w as well as the substrate thickness h is on the order of millimeter, which
corresponds to small blisters regime. We consider the small blisters regime where μ<<w,
h. Using the blister profile, geometrical relationship is given by:
(2.6)
where ΔL is the end-to-end displacement of the compressed film.

By minimizing the

elastic energy with respect to n, critical value of ΔL/n is:

(

)

If the original length L0~nμ is assumed, the critical strain for delamination is:
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(2.7)

(

)

(2.8)

For small blisters regime where (μc<<w, h):

(

)

Substituting Δγ~Gc, D~Eft3, and

(2.9)

in equation (2.8), the critical strain for

delamination is:

(

)

( )

(2.10)

Importantly, equation (2.10) shows that the critical strain for delamination is inversely
proportional with film thickness to the power of 3/5. We have indicated a line based on
this scaling in Figure 2.6 to define the region of applied global strains and film
thicknesses where delamination is expected, and good agreement is found. Equation
(2.10) describes the lowest strain at which a delamination event may occur. We note that
this critical strain for delamination diverges as thickness approaches zero, hence a thin
film requires a great amount of compression to delaminate.
In thin films, folding occurred before the critical strain for delamination was
reached, consistent with the emergence of a different lower energy form of strain
localization. The critical strain for folding was considered by Pocivavsek et al.[31] for
the uniaxial compression of a film floating on a liquid substrate. Following their energy
balance approach, the critical strain for folding, εf scales as:

( )(

)
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(2.11)

where L is the sample length. Important differences exist between their material system
and ours. However, we plot this scaling to define the boundary for the region where
folding is expected. Although our data is not inconsistent with the linear relationship
between critical strain for fold and film thickness, our data for folds of different film
thickness was limited and the material system is quite different from a film floating on a
liquid substrate. In particular, the x-PDMS substrate can support a shear stress, thus
allowing multiple folds to be observed across the entire surface. Our data cannot confirm
that the critical strain for folding is dependent upon film thickness, but we confidently
find that folding localizations occur at very small strains that can be nearly equal to the
critical strain for wrinkling.

2.4.3

Fold Direction
An

important

difference

in

our

results

compared

to

other

folding

observations[31,54], is that folds in our materials grow away from the substrate. This
outward growth has also been recently reported by Zang et al., where they described the
formation of ‘‘ridges’’ of a film placed on an elastomer both experimentally and
numerically[56]. The material system in their experiment was polydimethylsiloxanebased material (x-PDMS) with a plasma-treated surface oxide layer. They found that
folds grow out of the surface rather than into the surface for a system where the
supporting substrate was pre-stretched and released to apply compressive strains to the
top surface film. This out-of-plane growth, rather than inward growth, is attributed to the
non-linearity of the mechanical properties for the x-PDMS substrate. Specifically, it was
shown through numerical modeling that pre-stretching the elastomeric substrate and
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subsequently releasing the strain to apply compressive stresses to the top surface film
produces a state of stress at the interface of the film and elastomer that energetically
favors out-of-plane displacements compared to inward displacements.

In our

experimental protocol, we pre-stretch the elastomeric substrate and subsequently release
the strain to apply compression to the polystyrene film, thus our observation of the outof-plane fold formation is consistent with the model predictions discussed by Zang et al.
Although there is consistency with our experimental observations, key differences exist.
For example, as the strain was released, Zang et al. observed fold formation only with a
substrate pre-stretch of 1.4 or higher and an onset compressive strain of εf ~0.046. For
our experiments, a pre-stretch between 1.07 and 1.1 was used for all of our samples. This
pre-stretch was significantly lower than the critical value reported by Zang et al.[56].
Furthermore, regardless of the amount of pre-stretch, we observe εf between 0.008 and
0.067 for film thickness of 5 nm to 80 nm. Although this upper-bound of εf is similar to
the values of Zang et al., the lower bound is equal or even less than εw, implying that
folding does not require large strains, in direct contrast to previously published
results[31]. Beyond the onset of folds, Zang et al. observed the formation of numerous
ridges, similar to our observations; however, they showed numerically that the wrinkling
amplitude between ridges should decrease dramatically. As shown in Figure 2.2b, we did
not observe a decrease in amplitude for wrinkles that are near a fold localization. Rather,
we observed a continued increase as the sample was further strained. Although we did
not observe any decrease locally, we observed a broadening of the wrinkling amplitude
statistical peak (Figure 2.4), which suggests that wrinkling amplitude may be decreasing
slightly at a distance less than 3λ away.
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Although numerical analysis from Zang et al.[56] may describe the general
underlying mechanisms for fold formation for a thin elastic film on an elastic substrate, in
our experiments the top film is polystyrene, which is known to yield at small strains. If
yield or strain softening would occur, it could lead to the initiation of a fold. To consider
whether film yielding is responsible for fold formation in our study, we consider the local
strain, εl, in the polystyrene film at the crest of a wrinkle assuming simple bending:

( )( )

(

)

(2.12)

For the average applied strain at which folding is observed (ε~0.03), the local
strain εl, equals 0.0004. The yield strain for bulk PS is approximately 0.01[57], which is
significantly higher than the local maximum strain calculated for our wrinkling system
just prior to folding. Thus, we do not believe plastic deformation induces folding in our
materials, but rather folding is a non-linear elastic transition similar to previous
reports[31,54].

2.5

Summary
In this work, we discussed the wrinkle to strain localization transition of a glassy

polymer film placed on an elastomeric substrate. The amplitude of the strain localized
features was analyzed both locally and globally. Local analysis showed that wrinkling
amplitude increased with applied strain, following the classical wrinkling theory until
strain localizations occurred.

Delamination amplitude jumped spontaneously and

decreased the wrinkling amplitude nearby; whereas, folding amplitude slowly deviated
from wrinkling amplitude. Statistically, it was shown that the wrinkling exhibits a
distribution of amplitudes. As folding occurred, the wrinkling distribution widened, and
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delamination caused multiple wrinkling peaks. A critical strain deformation mode map
was constructed, and it was found that delamination was preferred for thick films;
whereas, folding was observed prior to delamination for thin films. Importantly, the
observed folds grow away from the substrate, in contrast to previous observations of
strain localizations growing into the substrates.

2.6

Open Questions
The work in this chapter focused on understanding the transition from wrinkling

to strain localizations from materials and geometry point of view. Many questions still
remain regarding the formation of folds.

For example, the folds observed in this

experiment exhibited a characteristic length and spacing (see Figure 2.1) based on the
optical microscope images.

This may be a function of material and experimental

geometry. Observing the transition from wrinkling to strain localizations for various
other materials may further our understanding of how the material properties affect the
formation of the strain localizations.

2.7

Acknowledgement
We thank Professor Andrew B. Croll, a past post-doctoral researcher in the

Crosby research group, for important experimental and theoretical contributions to this
work. The funding for this work was provided by NSF DMR-0907219, NSF MRSEC
(NSF DMR-0820506), and EPSCoR (EPS-0814442). We would like to thank Professor
John W. Hutchinson for helpful discussions. We would also like to thank Jonathan Pham
who is a graduate student in Crosby research group for the help with the atomic force

29

microscope measurement. We acknowledge NSF-MRSEC Central Facilities for use of
their atomic force microscope.

30

CHAPTER 3

WRINKLING WITH CONFINED BOUNDARIES

3.1

Introduction
Wrinkle structures are proposed to be beneficial for flexible electronics not only

because wrinkles provide reversible stretchability but also because they have the potential
to increase electron mobility across the wrinkled surface.

At high bending strain,

electron mobility has been observed to increase[58–60]; therefore, wrinkled electronic
materials are proposed to possess increased mobility. However, the bending strain b in a
wrinkled film as a function of distance x is:

(

)

(

)

(

)

(3.1)

where  is the applied strain and w is the critical strain for wrinkling. Equation (3.1)
shows that the bending strain varies periodically as a function of distance, x. Hence,
depending upon how the mobility is affected by compressive and tensile strains, it is
possible that maximum mobility enhancement may only be achieved with precise control
of the wavenumber between specific contact points in a device. Also, inhomogeneous
wrinkling has been reported for wrinkled flexible electronics where the amplitude
gradually decreased to zero and the wavelength was observed to increase near the free
edges due to a traction-free boundary condition, which will further contribute to the
variation in the bending strain. Our motivation for this chapter is two-fold; 1) examine
whether the wave number can be controlled by the introduction of rigid edges; and 2)
gain a better understanding of how the boundary condition affects the homogeneity of
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wrinkles.

3.2

Experimental Approach
Figure 3.1 illustrates the confined wrinkling that we aimed to achieve. The

shadowed blocks represent walls that act as rigid boundaries. Upon compression of a
finite-sized, stiff film placed on an elastomeric substrate in the x-direction, wrinkles are
anticipated to form between the fixed boundaries. For a wrinkling system with no
boundary effects, the wrinkling wavelength, λ, is a function of material parameters,
λ~t(Ef/Es)1/3.

However, in the geometry proposed in Figure 3.1, the boundaries are fixed

at the rigid walls and the y-position of the film at the wall is fixed, confining the system.
There are several key questions in this experiment. How do the rigid walls affect the
formation of wrinkles? Will the strain be accommodated in a non-uniform manner? If d/λ,
where d is the distance between the rigid walls, is not an integer, how does the wrinkled
system accommodate this deformation?
To explore these effects experimentally, we introduced rigid boundaries using

d
Rigid film
Elastomer

y
x

Figure 3.1: Schematic illustration of the confined wrinkling set up. A rigid film is
placed on top of an elastomer and sandwiched between the rigid boundaries which are
represented as the shadowed blocks. Upon compression in the x direction, represented
by the arrows, wrinkles occur with deformation in the y direction.
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elastomeric substrates with patterned trenches, where a rigid polymer filled the trenches
and coated the surface to form a film (Figure 3.2). This experimental design allowed for
easy control of the trench geometry via photolithography. However, the drawback of this
method is that the uniform filling of the trenches is challenging, and slight indentations
(depth~0.3 μm) on the surface of the filled trenches were observed after the coating
process as shown in Figure 3.2b. Nevertheless, this experimental set up allowed us to use

Figure 3.2: Schematic illustration and experimental cross section of a sample before and
after the compression a. Schematic illustration of before and after compression. The
patterned trenches in the x-PDMS substrate are filled with NOA-60, creating the rigid
boundaries. Wrinkles are formed between these rigid boundaries upon compression
(right). The sample geometry is as follows: h=14 μm, w=150 μm, t=3 μm, and d=450
μm or 940 μm. b. Cross-section plot measured before (gray) and after (black) NOA-60
coating. The cross-section after the NOA-60 coating is offset in y-direction by the
measured film thickness of 3 µm. The small indentations on the surface of the filled
trenches were approximately 0.3 μm deep and 100 μm wide, which are small values
compared to the size of the wrinkles. c. Cross-section plot measured after compression
(black). Wrinkles are observed between the filled trenches. The wrinkled cross-section
is offset in y-direction by the film thickness of 3 µm. The inset shows the optical
microscope image of the wrinkled surface. The dashed line indicates the edge of the
filled trenches.
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the same continuous material for both the rigid walls and the film, and experimentally
achieve a fixed boundary condition.

3.2.1

Photolithography
The trenches were patterned on the elastomeric substrate by using

photolithography and soft lithography. Negative photoresist (SU-8 2015, purchased from
Microchem) was used to create patterns on the silicon wafer via photolithography. The
photomasks were designed using AutoCAD 2011 and printed by CAD/Art Services on a
transparent sheet. Silicon wafers, as purchased from University Wafer, were first cleaned
using soap and water and dried using an air gun. Second, silicon wafers were rinsed with
acetone and toluene, and dried again. Third, dried silicon wafers were cleaned using a
UV-Ozone chamber (Jelight 342 UVO system). After cleaning the silicon wafer, the resist

was spun coat at 500 rpm with 100 rpm/sec acceleration for 10 seconds followed by 2000
rpm with 500 rpm/sec acceleration for 1 minute. The resist was then soft-baked on a hot
plate at 65 °C for 1 minute and then at 95 °C for 2.5 minutes. The photomask was placed
on the silicon wafer and exposed to UV light with power of 3 mW/cm2 for 50 sec. The
post-exposure bake was at 65 °C for 1 minute and 95 °C for 3 minutes. The photoresist
was then developed in 1-methoxy-2-propanol acetate (purchased from Microchem) for 3
minutes.

Afterwards, the surface was rinsed with isopropanol to remove excess

materials.

Finally, the samples are hard-baked in a 120 °C oven for 10 minutes to

increase the adhesion between the photoresist and the silicon wafers.

For this

experiment, a pattern with lateral feature size of 150 μm with a depth of 14 μm was
achieved, as measured by Zygo NewViewTM 7300 Optical Profilometer.
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3.2.2

Materials and Experimental Setup
Cross-linked Sylgard 184TM (x-PDMS) purchased from Dow Corning was used as

a substrate material for the ease of surface patterning. The substrates were prepared by
mixing the pre-polymer and the cross-linker at a weight ratio of 10:1, degassing for 30
minutes, and pouring the mixture into the patterned silicon wafer mold. The mixture was
then cured in a 70 °C oven for 12 hours to form x-PDMS. The elastic modulus of the xPDMS substrate was 1.2±0.08 MPa, as measured by contact mechanics using a 1cm
diameter spherical probe at a speed of 1µm/sec[53].

After the curing process, the x-

PDMS substrates with patterned trenches were cut out of the mold in 1.5cm x 1.5cm x
1cm blocks. They were then placed on a glass slide, and subsequently treated in a UVOzone chamber (Jelight 342 UVO system) for 40 minutes to increase adhesion for the
following coating process by oxidizing the surface.
Norland optical adhesives 60 (NOA-60) were used as the coating material. NOA60 is a polyurethane-based, UV-curable photopolymer with a literature elastic modulus
value of 0.93 GPa and Poisson’s ratio of 0.43[61]. First, 1 weight % polyacrylic acid
(PAA) solution in ethanol was spun coat on a clean glass slide at 3000 rpm for 2 minutes
as a sacrificial layer. Second, NOA-60 was diluted 50 weight % in toluene and spun coat
on top of the PAA at 500 rpm with 100 rpm/s acceleration for 10 sec and 3000 rpm with
500 rpm/sec acceleration for 30 sec. The PDMS block was then placed upside down so
that the patterned trenches were filled with the spun coat NOA-60. During this step, we
waited for 1 minute for the filling to complete. The samples were then cured under 1200
Watts UV light for 2 minutes (Con-trol-cure® from UV process supply, Inc.).

After

curing, the coated PDMS sample was placed in a water bath to dissolve away the PAA
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and separate it from the glass slide.

The materials preparation and experimental

conditions are summarized in appendix A.

Figure 3.1b shows the cross-section of a

sample before (gray line) and after (black line) the NOA-60 coating. The cross-section
plot for after the NOA-60 coating is offset in height by the film thickness of 3 µm, as
measured by Zygo NewViewTM 7300 Optical Profilometer. The small indentations on
the surface of the filled trenches were approximately 0.3 μm deep and 100 μm wide.
The sample geometry is shown schematically in Figure 3.2a. For this experiment,
the width and depth of the NOA-60-filled trenches were kept constant at w=150 µm and
h=14 µm, respectively. The NOA-60 film thickness between the filled trenches was also
kept constant at t=3±0.2 µm, as measured using the optical profilometer. To examine
whether the wave number can be controlled, we varied the distances between the rigid
edges as d=450 µm and 940 µm. The x-PDMS blocks were compressed parallel to x
direction using a uniaxial strain stage.

Figure 3.1c shows the cross-section of the

wrinkled surface upon compression (black line), along with an optical microscope image
of the wrinkled surface as an inset. The wrinkled surface was characterized using the
optical profilometer to measure the amplitudes and wave numbers.

3.3

Results and Discussions

3.3.1

Local Strain Analysis
A typical cross-section plot of the wrinkled surface upon applied global strain is

shown in figure 3.3a. The applied global strain was determined by measuring the size of
the x-PDMS block in the direction of x (L=length) before and after the deformation such
that 

. The cross-section plot at each applied strain was offset to ensure
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Figure 3.3: Cross-section plot of the wrinkled surface, and A/λ at wrinkled peaks as a
function of normalized distance x/w at different applied strains. a. Cross-section plot of
the wrinkled surface at applied strain of 0.000 (light gray), 0.023 (gray), and 0.036
(black). The distance between the rigid edges is 940 μm. Both the x- and y-axis were
normalized by the trench width, w=150 μm. The asterisks indicate the peaks used to
calculate A/λ for Figure 3.3b. b. A/λ at wrinkle peaks as a function of normalized
distance, x/w for three different applied strains (circular marker is for =0.023, triangular
marker is for =0.028, and square marker is for =0.036). Since A/λ is related to the local
strain in the x-direction calculated by equation (3.2), this plot shows local strain
distribution at the wrinkle peaks.
that the area under the curve is constant.

Both the distances in the x- and y-direction are

normalized by the trench width, w=150 μm. As the applied global strain increased,
wrinkles initiated near the rigid edges and propagated to the middle. In addition, a
displacement in the negative y-direction was observed at the center of the filled trenches
as the applied strain increased. For wrinkle systems where the film is inextensible, the
aspect ratio of the wrinkled features, A/λ, has been shown to be related to the strain 
such that[10,12,62]:
(3.2)
where w is the critical strain of wrinkling which is a function of material properties and
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can be considered constant for our system.

Equation (3.2) has been derived for

homogeneously distributed wrinkles. However, the scaling relationship of aspect ratio
and the strain, A/λ~ 1/2, has been shown experimentally for inhomogeneous wrinkles as
well[62,63], and we utilized equation (3.2) to relate the aspect ratio to local strain. To
obtain the values of A/λ, each of the wrinkle peaks were fit with the equation:

(

)

(3.3)

where y is the out-of plane deformation as a function of distance x, and amplitude A and
wavelength λ are the fitting parameters. The value of A/λ was calculated for peaks that
are indicated by the asterisk marks on the Figure 3.3a.
Figure 3.3b shows the calculated value of A/λ at each peaks as a function of
normalized length x/w. Since A/λ is related to the strain described by equation (3.2), this
plot shows the strain distributions along the x-direction (parallel to the straining
direction) at each peak. At low applied strain, local strain is small and less distributed.
At high applied strain, local strain is highest near the rigid trenches. The presence of
rigid trenches affected the strain distribution and caused the wrinkling behavior to deviate
from homogeneous wrinkling.

3.3.2

Finite Element Simulation
To gain further understanding of how the rigid trenches affect the strains locally,

we utilized finite element modeling to analyze the strain field of a stiff, linear elastic film
fixed to a compliant, neo-Hookean substrate under plane strain compression. Figure 3.4
shows a cross-sectional schematic illustration of the sample that was simulated using
finite element modeling. The dashed lines on the schematic show the middle of the
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Figure 3.4: Schematic illustration of the element modeled using finite element
simulation. The dashed lines indicate the boundaries of the region that was simulated
(from the middle of the trench to the middle of the sample).
trench and the y-z symmetry plane in the center of the finite element analysis model
(ABAQUS standard). Strains were applied using displacement boundary conditions, with
the displaced boundary also subjected to symmetry constraints across a y-z
plane. Finally, surface tie constraints were used between the film, trench, and soft
substrate. Quadrilateral elements were used where sizes for each section of the geometry
were approximately 4 μm for the trench, 10-50 μm in the soft polymer substrate far from
the film with a size gradient, 2 μm for the soft substrate close to (within y=20 μm) the
film, and 0.8 μm within the film (allowing for four elements through the thickness). The
film and trench materials were treated as linear elastic with Ef=0.93 GPa, υ=0.3[61] and
modeled using CPE8H and CPE4 element types, respectively. Material constants for the
soft substrate were Es=1.2 MPa and υ=0.49[64]. Element type CPE8RH was used to
capture the response of the soft substrate. Literature values for NOA-60 and x-PDMS
material constants were used, with the exception of the x-PDMS modulus, which was
determined experimentally using the contact adhesion test[53]. The element types were
chosen based on plane-strain geometry and incompressibility constraints.
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Figure 3.5a shows the deformation occurring in the y-direction with an applied
strain in the x-direction for d=450 μm and 940 μm. Both the y-axis and x-axis on the plot
are normalized by the trench width, w. The deformation plot shows that even at fairly
low applied strain ranging from 0.0005 to 0.005, the filled trench was observed to
displace in the negative y-direction, consistent with the experimental results shown in
Figure 3.2. Also, it is observed that the surface bent upwards near the edge of the rigid
trench (x/w~0.5). This bending at low applied strain may play a role in dictating the
phase of wrinkling that was observed experimentally at higher applied strain.

Figure 3.5: Finite element simulation result of a. deformation occurring in the y direction
as a function of normalized distance, x/w and b. strain distribution in the x direction, xx,
as a function of normalized distance, x/w. The applied strain was between ~0.0005 and
0.005. The sample geometry was varied to observe the effect on the deformation and
strain distribution. The distance between the trench edges was d=450 μm and 940 μm,
and the depth of the filled trench was h=14 μm and 80 μm.
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The location of the deformation peak, xp/w, was extracted from Figure 3.5a
(shown approximately by the dashed line) at each applied strain and plotted as a function
of applied strain in Figure 3.6. As applied strain increased, xp/w increased, indicating that
the deformation peak moved toward the center of the distance between the rigid trenches.
As observed in Figure 3.5a and Figure 3.6, the distance between the trench edges did not
largely influence the deformation profile at low applied strain for our experimental
constraints investigated.
Figure 3.5b shows the strain in the x-direction, xx, as a function of normalized
distance, x/w. The simulation result shows a high peak, or strain localization, near the
trench edge consistent with our experimental observation (Figure 3.3b). Away from the
trench edge, the strain in the x-direction plateaued to a constant value far away from the

Figure 3.6: Location of deformation peaks, xp/w extracted from Figure 3.5a as a
function of applied strain, ε. Both trench distances (d=450 μm, closed circles and 940
μm, open circles) show that xp/w increased as ε increased.
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Figure 3.7: The plateau strain p as a function of applied strain  for two different
sample geometries. The closed circle marker represents result for d=450 μm, and the
open circle marker represents result for d=940 μm. The lines are linear fit to each of the
data sets with a slope of 1.13 (solid) and 1.07(dashed), respectively.
trench edge at each applied strain. The plateau strain value, p, was extracted from the
simulation result and plotted as a function of applied strain, ε, in Figure 3.7.

The plot

shows that the plateau strain was not equal to but directly proportional to the applied
strain. Furthermore, the trench to trench distance, d, affected p. The closer the trenches
were, the larger p was, as reflected from the slope of the linear fit. This plot suggests
that the local strain, and hence, perhaps the wrinkle formation, may be tuned by
controlling the trench geometry.

3.3.3

Wave Number
The distance between the rigid edges was varied to examine how the wave
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number is affected. Wave number as a function of applied strain for d=450 μm and 940
μm is plotted in Figure 3.8. Wave numbers were measured by counting the number of
peaks from one rigid edge to the other. This method of counting the wave numbers has
limited resolution, and a non-integral value of k could not be determined. However,
important observations were still made. It was found that higher applied global strain
was required to reach the maximum wave number for large d, and the wave number
increased more rapidly at low applied strain for small d. These findings are consistent
with the finite element simulation results shown in Figure 3.7, where the plateau strain is

Figure 3.8: Wave number as a function of applied global strain for two different
distances between the rigid edges. Solid circular markers represent the data for d=450
μm and open circular markers represent the data for d=940 μm. The wave numbers
were measured by counting the number of peaks in between the rigid edges.
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compared to the applied strain. The plateau strain was slightly larger at each applied
strain and increased more rapidly for small d compared to that of large d. This difference
in the plateau strain between the samples with different values of d most likely caused the
differences in how the wave numbers increased as a function of applied strain.
The wave number, k, is related to the wavelength λ such that:
(3.4)
For low strain regime, lambda is largely considered independent of strain[4,65]. Since k
is changing as a function of applied strain in our experiment, d should control k based on
equation (3.4). However, the final wave number doubled while the value of d was
increased by slightly more than a double, which suggests that wrinkles may have
stretched slightly to accommodate an integral wave number.

The wave numbers

measured are consistent with what is expected based on the value of d, but more
measurements of d are required to fully understand the quantitative control of wave
number at finite lengths.

3.4

Summary
We investigated the inhomogeneous wrinkling occurring in confinement between

rigid edges. The wrinkles always started near the rigid edge and propagated to the middle
as applied global strain increased. The wrinkle amplitudes near the rigid edges were
always larger compared to the amplitudes near the middle of the wrinkled regions. In
contrast to homogeneous wrinkles which have a constant value of amplitude, these
inhomogeneous wrinkles showed a distribution of amplitudes as a function of distance
from the rigid edges. This observation is a result of unequal strain distribution occurring
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near the rigid edges, and finite element analysis was used to confirm this effect.

We

also investigated how the distance between the rigid edges affects the wave number. We
found that the wave number increased, as expected, with increasing d, but we were not
able to resolve whether the wavelength adjusted to accommodate the confined distance.
Nevertheless, we were able to gain a better understanding of the amplitude progression in
inhomogeneous wrinkles that occur from rigid confinement. This experimental geometry
with the introduction of rigid edges may be used to control the formation of wrinkles to
aid in developing efficient and robust flexible electronics.

3.5

Open Questions
The distances between the rigid edges were varied in this experiment. Other

geometrical parameters such as the width and depth of the rigid edges are expected to
affect the local strain and the wrinkling behavior. For instance, if the depth of the rigid
edge is shallow, the effect from the rigid edges may be negligible and wrinkle amplitudes
may be homogeneous. A more detailed understanding of how the wrinkle amplitudes are
affected by the geometry of the rigid edges, and at what point the rigid edges become
important is required in using this experimental geometry to control wrinkling for
applications such as flexible electronics. Also, the local strains near the rigid edges were
always larger than that of in the middle of the patterned surface up to applied global
strain of ~0.1. Above this applied global strain, NOA-60 delaminated from PDMS
substrate. It has been previously observed that inhomogeneous wrinkles slowly approach
homogeneity as applied global strain is increased[62]. Other material systems should be
considered where the film material has better adhesion to the elastomer substrate such
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that wrinkling behavior at high applied global strain can be investigated.
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CHAPTER 4
MECHANICS OF WRINKLING MEMBRANES

4.1

Introduction
Fundamental aspects of the formation of wrinkles under geometrical confinement

were discussed in chapter 3.

In order to use wrinkling for technological applications,

such as microfluidic[14,51] or microelectronic devices[19,20,66], both the location and
the morphology, i.e. wavelength and amplitude of the wrinkled features, must be
precisely controlled.

For example, formation of wrinkles may open up a channel to

transport fluids[14], or the electron mobility can be controlled by changing morphology
of wrinkles[67]. One way to control the location of the buckled features is to introduce
local stress distributions.

This has been achieved previously by various patterning

methods such as by selectively oxidizing the surface of an elastomer[6,68], depositing a
metal layer to change the modulus of the surface[5], or by introducing topography to
affect the local constraint of the wrinkling surface[48,69]. However, wrinkle wavelength
and amplitude has been challenging to control locally on a surface without changing the
material properties.
We controlled the local stress distributions by placing a thin, flat, continuous
glassy film on an elastomeric substrate with patterned surface topography and examined
how the pattern geometry affected the local constraint and the wrinkling morphology.
With this configuration, we achieved unique surfaces with two distinct regions of
wrinkling morphology without changing the surface material properties; a region where
the film is free-standing and the wrinkling mechanics is dictated only by the film
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property, and a region where the film is supported by the elastomeric substrate. In the
next section, we review the wrinkling wavelength and amplitude expressions for a freestanding film that has been developed previously. We then take these expressions, adopt
them to our experimental system, and utilize them to describe how the wrinkling
wavelength and amplitude can be tuned by controlling the pattern geometry.

4.2

Membrane Wrinkling
When a strain is applied to a thin elastic film, it buckles out of plane and wrinkles

above a critical strain, εc. The wrinkling mechanics of a film is described by the total
energy of the film which is dictated by the bending energy, UB, and the stretching energy,
US. Assuming that the film is rectangular with length, L, and width, W, as shown in
Figure 4.1, and that the film is inextensible, wrinkles will form perpendicular to zdirection when the film is stretched in the x-direction.

In general, the wrinkling

Figure 4.1: Schematic top view illustration of a stretched rectangular sheet of length,
L, and width, W. The shaded region represents the clamps to hold the sample. When
the film is stretched in the x-direction, wrinkles form perpendicular to the z-direction
with the undulation (out of plane deformation) in the y-direction.
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wavelength, λm, and the amplitude, Am, of a wrinkling film are described by minimizing
the total energy[29]:

√

√ ( )

(4.3a)

( )

(4.3b)

where Δ is the imposed compressive transverse displacement, D is the bending stiffness
of the film, and T is the tension in the stretch direction. For a stretched film geometry,
these equations can be written as[29]:

(4.4a)

[

]

(4.4b)

where t is the film thickness, ν is the Poisson’s ratio, and ε is the longitudinal stretching
strain in the x direction. These equations show that both wavelength and amplitude scale
as ½ for two different length-scales, length and thickness of the film.
In contrast to the rectangular membrane considered by Cerda and Mahadevan[29],
Gioia and Ortiz have also developed a wrinkling wavelength equation for a free-standing
membrane wrinkling of a circular diaphragm[40]. They found:

(4.5)
where N is the number of wrinkles across the middle of the circular diaphragm and d is
the diameter of the diaphragm. Although an energy minimization was used in developing
equation (4.5), only the stretching energy was minimized.
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In addition, in-plane

displacement was not considered. These simplifications and assumptions resulted in
wavelength expression scaling linearly with respect to the film thickness, which is
different from what has been predicted by Cerda and Mahadevan[29].

4.3

Experimental Approach
For our experiments, film wrinkling over a patterned substrate was considered to

observe how the wrinkling behaviors in the two distinct regions were affected.

A

hexagonal array of circular holes was patterned on the substrate surface. The pattern
diameter (d) and pattern spacing (l) were varied using photolithography and soft
lithography method described in section 3.2.1. Sylgard 184TM pre-polymer and the crosslinker were mixed with weight ratio of 20:1, degassed for 30 minutes, and poured into the

Figure 4.2: Schematic side-view of the sample (top), and optical microscope images of
the circular array of holes with diameter, d=200 μm, and spacing, l=100 μm (bottom). PS
film with t=120 nm was placed on top of patterned x-PDMS substrate (left). When
compressed (right), the film wrinkled over the patterned circular holes. In the optical
microscope image, the compression direction was horizontal.
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silicon wafer mold. The mixture was then cured in a 70 °C oven for 12 hours to obtain
the cross-linked Sylgard 184 (x-PDMS) substrate. The elastic modulus of the x-PDMS
substrate was 0.75±0.06 MPa, as measured by JKR testing using a 1 cm diameter
spherical glass probe at a speed of 1 μm/sec[53]. After the crosslinking was complete,
the x-PDMS substrate with circular holes on the surface was removed from the mold, cut
into rectangles, and stretched on a uniaxial strain stage, similar to what has been
described in chapter 2. Atactic polystyrene (PS) with Mw of 130 kg/mol (purchased from
Sigma Alrich) was dissolved in toluene at various concentrations and spun coat at 3000
rpm for 1 minute onto a silicon wafer. The thickness of PS film, t, was varied from 30 nm
to 800 nm, which was measured by a Filmetrics F20 Interferrometer and Zygo
NewViewTM 7300 Optical Profilometer. The PS film was floated on water, picked up by
a washer on a glass slide, and placed on the pre-stretched, patterned x-PDMS. The region
of the film suspended over the pattern wrinkled first as strain was released (Figure 4.2).
The diameter of the circular holes, d, ranged from 20 μm to 720 μm, and depth of the
holes, h, ranged from 5 μm to 110 μm. The pattern spacing, l, was varied from 50 μm to
500 μm for the pattern with d=200 μm. The pattern spacing is defined as the edge-toedge distance from one hole to another. The materials preparation and experimental
conditions are summarized in appendix A. The wrinkling wavelengths and amplitudes
were measured using the optical profilometer. The number of wrinkles was calculated by
counting the number of peaks across the middle of the patterned holes. The wrinkling
wavelength was averaged over 10 patterned holes and calculated by dividing the diameter
by the number of wrinkles. The applied strain was determined locally by measuring the
diameter before and after the deformation, such that
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4.3

Results and Discussions

4.3.1

Qualitative Observations
Both the pattern spacing and the diameter were varied in this work to observe how

the wrinkling behavior was affected. Figure 4.3 shows the optical microscope (left
column) and optical profilometer (right column) images of the wrinkles with varied
pattern spacing (4.3a-d) and varied pattern diameter (4.3e-f) at an applied uniaxial strain
of 0.01. Qualitatively, the images show that the pattern spacing, l, affects the formation
of wrinkles between the patterns where the film is attached to the substrate. When the
pattern diameter is larger than the pattern spacing (d>l), wrinkles only formed on the
membrane over the circular hole patterns (4.3a and 4.3b). For d>l, the patterns are in
close proximity and stress coupling between neighboring holes may have occurred. On
the other hand, when the pattern diameter was smaller than the pattern spacing (d<l),
additional wrinkles formed where the film is supported by the substrate (4.3c and 4.3d)
which had a smaller wavelength and amplitude compared to those respective dimensions
measured over the patterns. The pattern diameter affected the number as well as the
wavelength of wrinkles over the patterned holes. More wrinkles developed over a larger
pattern diameter (4.3g and 4.3h), whereas only one wrinkle was observed for a smaller
pattern (4.3e and 4.3f). By controlling the pattern spacing and the diameter, a surface
with regions of two distinct wrinkled morphologies was obtained.
To investigate the wrinkling behavior of a membrane over the pattern, we
examined the line profile of the wrinkles across the diameter at various applied strains
(Figure 4.4). At ~0, there was a slight draping of film into the patterned microwells.
This draping was 0.32 μm over the diameter of 250 μm, and the area of the film
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Figure 4.3: Optical microscope (left column) and optical profilometer (right column)
images of wrinkled membranes with varied pattern spacings (a-d) and diameters (e-h).
The pattern diameter and the spacing of each sample are as follows. (a,b): d=200 μm,
l=120 μm. (c,d): d=200 μm, l=250 μm. (e,f): d=20 μm, l=15 μm. (g,h): d=500 μm,
l=2000 μm. The thickness of the film was kept constant at 150 nm, and the applied
strain was 0.01.
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Figure 4.4: Line profiles of wrinkled membrane over a pattern at a strain varying from 0
to 0.006 shown in black to light gray line. The pattern dimensions were d=250 μm,
l=300 μm, and the film thickness was 120 nm.

approximated by a spherical dome compared to the projected area of the hole increased
only by 0.0006%. Based on these values, this draping of the film can be considered
negligible compared to the film deformation upon wrinkling. As strain increased, the
wrinkling amplitude increased, the wavelength decreased, and more wrinkles were
observed over the patterned diameter. Qualitatively, the line profiles also show that the
wrinkling amplitude was largest in the middle of the membrane.

The quantitative

measurement of wrinkling wavelength and amplitude as a function of pattern geometry
and applied strain is discussed further in the next sections.
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4.3.2

Wrinkle Wavelength
Figure 4.5 shows the log-log scaling plot of wrinkling wavelength for membranes

over the patterned holes. The open markers represent the experimental data for film
thickness 30 nm < t < 800 nm and pattern diameter 20μm < d < 720 μm at a constant
strain of ~0.01. The solid line clearly indicates that λ/d ~ (t/d)1/2 scaling in stark contrast
to the thick dotted line which describes the linear scaling for PS film supported by xPDMS substrate assuming Ef ~3 GPa.

The plot shows that for our materials and

geometry, wrinkling wavelength for the membrane was always larger than that of the
supported film until a large t/d value is reached, where a geometric limit of λm/d=1,
shown as the dotted horizontal line in the plot exists.
Strain was also varied to observe changes in wrinkling wavelength over one

Figure 4.5: Log-log scaling plot of membranes wrinkling on top of the patterned holes.
The experimental data follow the scaling with the slope of 1/2, shown in solid line. The
thick dotted line with the slope of 1 show the wrinkling scaling predicted for PS film
supported on a x-PDMS substrate. The horizontal dotted line is the geometric limit.
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patterned hole. Figure 4.6 shows the log-log scaling plot of the wrinkling membrane as a
function of strain, which was calculated locally by measuring the change in the diameter
of the pattern. The experimental data shows that the wavelength scales as -1/4 as a
function of strain.
To understand the observed scaling, we can consider both the work of Gioia and
Ortiz, and Cerda[40] and Mahadevan[29]. In our experiments, we use circular membrane
similar to Gioia and Ortiz. They predict the scaling of λ/d ~ (t/d)

-1/2

. This is not

supported by our results, and is likely due to the fact that they only considered
minimization of stretching energy instead of the total energy. Cerda and Mahadevan
considered a rectangular sheet, but we can modify their approach to apply for a circular

Figure 4.6: Wavelength as a function of applied strain on log-log scale for t=140 nm
and d=250 μm. The circular marker represents the experimental data, and the solid line
shows the scaling of λ~ -1/4.
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membrane. Wrinkling wavelength of a free-standing membrane described by Cerda and
Mahadevan (equation 4.4a) was developed for a uniaxially-stretched rectangular film.
The wrinkles in their system formed parallel to the film stretching direction of the film
where the tension along the stretching direction, T~Et, and the imposed compressive
displacement perpendicular to the stretching direction,

~W, are both assumed

constant[29]. In our experimental system, the film was compressed parallel to the prestretch direction of the substrate and the resulting wrinkles formed perpendicular to the
compressive direction. This affected the wavelength scaling relationship by a constant
term that involves Poisson’s ratio. The membrane geometry is also different since the
membrane shape is a circle instead of a rectangle. Because of the circular geometry, the
film length or the chord length changes depending on the position; therefore, the
wrinkling wavelength and amplitude also changes as a function of position. Assuming
that the change in pattern diameter upon deformation is small and the film length (L) is
substituted by the pattern diameter (d), the scaling relationship predicted by equation
(4.4a) can be rearranged for our experimental geometry in a non-dimensional form:

( )

(4.6)

where C is a factor which involves Poisson’s ratio to account for the membrane shape
and the straining direction. For our experiments, C was approximated to a constant value
of 1.78.
In contrast to the membrane wrinkling, the wrinkling wavelength of a substratesupported film is dependent on the properties of both film and substrate materials.
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Taking equation (2.1) wrinkle wavelength λs for a stiff thin film adhered to an
elastomeric substrate can be rearranged in a normalized, non-dimensional form as:

( )(

)

(4.7)

where Ef and Es correspond to the elastic modulus of the substrate and the film. Hence, by
comparing the wavelength equations derived for the two distinct regions, we find a
different wavelength scaling relationship with respect to the ratio of film thickness to the
diameter of the holes, t/d. Also, the wrinkle wavelength of a substrate-supported film is
independent of strain, whereas the wrinkle wavelength of a free-standing membrane
scaled as

. This result means that the wavelength of wrinkles can be tuned

instantly by applying different amount of strain. Both the experiments and the scaling
relationships show that the wavelength can be controlled by tuning the film thickness and
the pattern diameter for membrane wrinkling, and the wrinkling wavelength is distinctly
different from that of the substrate-supported film.

4.3.3

Wrinkle Amplitude
The wrinkle amplitude for free-standing membrane as well as supported film as a

function of applied strain for d=250 μm, l=300 μm, and t=120 nm is shown in figure 4.7.
The wrinkling amplitude data for free-standing membrane is shown in circles; whereas,
that of supported film is shown in triangles. Both data sets were taken from the same
sample and the wrinkling amplitude for the free-standing membrane was measured at the
middle of the patterned circular holes from peak to valley where maximum amplitude
was observed. The wrinkling amplitude for the supported film was measured 150 μm
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Figure 4.7: Amplitude of wrinkles as a function of applied strain for free-standing
membrane (circular markers) and substrate-supported film (triangular markers) with a
pattern d=250 μm and l=300 μm. The film thickness was 120 nm and the amplitudes
were averaged over five measurements. The solid line is the amplitude scaling predicted
for free-standing membrane, whereas the dotted line is the amplitude behavior predicted
for substrate-supported film. The wrinkling amplitude for the free-standing membrane
was measured at the middle of the patterned circular holes where maximum amplitude
was observed. The wrinkling amplitude for the supported film was measured 150 µm
from the edge of the patterned holes.

from the edge of the patterned holes.
The dashed line in the plot is the amplitude scaling relationship predicted for
supported film. The amplitude, As as a function of strain  is described by:

(

)
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(4.8)

where w is the critical strain for wrinkling which is defined as:

[

]

(4.9)

In equation (4.9), νf and νs are the Poisson’s ratio of the PS film and x-PDMS substrate,
and are assumed to be equal to 0.35 and 0.5, respectively, based on literature reports[64].
The critical strain calculated for our material system using equation (4.9) is εw~0.0023,
which is in a good agreement with the experimentally found critical strain of 0.0026. The
experimental data also follows the scaling of ε1/2 predicted by equation (4.8).
The solid line in the plot shows the prediction for amplitude as a function of strain
for the free-standing membrane.

Similar to developing the equation for wrinkling

wavelength, we can modify equation (4.4b) to apply for a circular membrane. The film
length changes depending on the position which alters the amplitude as a function of
position.

Also, we compress the film to observe wrinkling perpendicular to the

compression direction, while Cerda and Mahadevan stretched the film to investigate
wrinkles parallel to the stretching direction.

This change in straining direction can be

accounted for by a constant factor that involves Poisson’s ratio of the film. Accounting
for these changes with a factor Q, the expression for free-standing membrane wrinkling
amplitude Am is:
(4.10)
Here, the factor Q is assumed to be a constant, since the amplitude measurement was
collected at the middle of the circular pattern. The experimental data follows this scaling
relationship of Am ~ ¼ shown as a solid line in figure 4.7. However, there are important
differences between our observation and what has been reported by Cerda and
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Mahadevan. The wrinkling amplitude for our experimental system is largest in the
middle of the membrane. In the case of stretched membrane, the wrinkle amplitude
observed was constant across the width of the membrane except for near the edges. This
is likely associated with the distribution of strain due to the circularity and boundary
condition of our membranes. Additionally, their wrinkling membrane was continuous
while the patterns may break up the wrinkled regions for our experimental geometry.
Coupling of the patterns may also occur depending on the pattern spacing. Further
analysis of local stress distribution may be helpful in understanding the membrane
wrinkling over an array of pattern.

4.4

High strain behavior

200 μm

Figure 4.8: Optical microscope image of the folds occurring on a patterned surface
with d=50 μm, l=350 μm, and film with t=140 nm. The applied strain was ~0.03.
The arrows indicate the applied compression direction. The square shows the location
of stress concentrations.
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At high strain, the observed wrinkles start to localize into a fold or delamination,
similar to what is described in chapter 2. Figure 4.8 shows an optical microscope image
of the patterned surface with folds forming through the center of the holes perpendicular
the direction of applied strain, shown by the arrows. According to linear elasticity, the
highest stresses occur at the edge of the patterned hole, perpendicular to the load
direction in the case of uniaxial loaded plate with a circular hole (regions shown in Figure
4.8 inside the red square)[70]. This stress concentration occurring at the edges of each
patterned holes is the driving force for the regularly-spaced folds that are observed. The
length of folds was observed to increase as the applied global strain increased until the
tips of the folds meet another fold or a patterned hole. This fabrication method offers a
way to systematically control the location and number of folds on a surface which may
provide insight into the formation of folds.

4.5

Summary
We have investigated the effect of pattern diameter on the wrinkle morphology of

circular membranes. The membrane wrinkling was compared and contrasted to the
wrinkling of x-PDMS supported film, and it was found that both wavelength and
amplitude for the free-standing membrane were larger than that of the supported film. It
was also shown that the experimental results can be described by a scaling relationship of
wavelength as a function of pattern diameter and film thickness developed from a
modified theory of Cerda and Mahadevan[29].

By topographically patterning the

substrate that is supporting the film, we were able to control the location of the wrinkles
as well as achieve a surface with two distinct regions of different wrinkle wavelengths
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and amplitudes. Our fabrication method not only allows for a versatile wrinkled surface
for optical and electronics applications, but also provides insights into wrinkle mechanics
of membranes in confined geometry.

4.6

Open Questions
Questions remain regarding the effect of having an array of holed patterns on the

surface. We qualitatively observed that the pattern spacing has an effect on the stress
distributions, but systematic study in both experiments and computational modeling will
provide further insights into stress coupling between neighboring patterned holes. Also,
the pattern edge where the two different wrinkled regions meet provides an interesting
geometric boundary since both amplitude and wavelength differ greatly in the two
regions. Understanding how the wrinkles meet at the boundary will further advance our
understanding in wrinkling mechanics.
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CHAPTER 5

LIQUID ENCAPSULATION IN MICROWELLS

5.1

Introduction
In the previous chapters, we have discussed the phenomenon of wrinkling and

folding that occur on a surface and how the formation and the morphologies of these
structures can be controlled by tuning materials properties and geometry. To create these
buckled structures on a surface, we have strained the sample uniaxially using a strain
stage. Previously, our group developed an alternative method to create uniaxial wrinkles
on a surface called contact line wrinkling[62,71]. This method demonstrated a simple
way to laminate a film on a substrate and fabricate wrinkles by controlling the velocity of
film attachment. This chapter focuses on developing a fabrication method inspired by
contact line wrinkling to encapsulate a controlled volume of liquid in microwellpatterned surfaces.
The sequestration of materials in small volumes is important for many
applications including drug delivery[72,73], single cell studies in biology[74–76], and
sensors[77,78].

Micro-patterned surfaces are useful for such applications because

selective deposition of materials dissolved or suspended in liquid can be achieved across
vast surface areas to effectively deliver a large dose or provide sufficient numbers for
quantitative statistical analysis. However, current methods require additional processing
steps such as manipulation of surface energies[79–81], or multiple washing cycles[74,82]
are necessary to achieve high reproducibility.
In order to simplify the procedure for selective deposition, discontinuous
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dewetting using microwells was introduced by Jackman et al.[83]. During discontinuous
dewetting, bulk liquid is drained by gravity or by pulling the sample away from the bulk
solution. If the surface is smooth, liquid would contact the surface at an equilibrium
receding contact angle for a constant pull-out velocity. However, for a patterned surface,
the presence of the microwell pattern causes abrupt change in the contact angle, and
pinning and de-pinning of the liquid at the microwell edges leads to the filling of the
microwells.
Jackman et al.[83] demonstrated discontinuous dewetting at a pull-out velocity
within a narrow range of 28-42 μm/sec using various liquids. However, effect of velocity
on the filling process was not considered. In addition, the pull-out velocity

is known to

affect the wetting property of liquid on a surface[84,85]. As mentioned before, the
discontinuous dewetting relies on the liquid pinning and de-pinning at the microwell
edges, which may be a function of pull-out velocity. For example, the contact line may
not pin and slip continuously across the surface at a fast pull-out velocity.

This

dependence of wetting on the pull-out velocity can be used to our advantage to control
the amount of water captured for our proposed fabrication method. In addition, we can
use the co-lamination process inspired by the contact line wrinkling technique to
encapsulate the liquid inside the microwells with a laminated film and fabricate a surface
useful for on-command release applications.
In this chapter, we utilized the discontinuous dewetting process to develop a
simple, one-step fabrication method to capture materials in the patterned microwells and
protect them with a laminated polymeric film. This work focused on three key questions.
First, how does the film material affect the fabrication process? Second, can we control
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the amount of liquid captured in the microwells by changing the pull-out velocity or
geometry of our pattern? Third, can solute collected within the microwells be protected
and released upon command?

5.2

Experimental Approach

5.2.1

Overview
The approach for encapsulating controlled volumes of liquid in microwell

patterned surfaces was inspired by a straightforward lamination process described by
Miquelard-Garnier et al.[71]. First, a film was floated onto a liquid surface. Second, a
microwell patterned substrate was immersed in a bath of liquid and brought

Figure 5.1: Schematic side view illustration of the experimental set up, not shown to
scale (left). The inset shows the cross-section of a patterned well with the pattern
diameter, d, and the depth, h. Florescent microscope image of microwells filled with
water mixed with sulforhodamine B is shown on the right to demonstrate the filling of the
microwells using this fabrication method.
66

into contact with a floating film, as shown schematically in Figure 5.1. As the substrate
was pulled out at an angle of 45° with a velocity,
diameter,

, and depth,

.

, liquid filled the microwells with

We then investigated how the film properties, pull-out

velocities, and the microwell size affected the filling of the microwells.

5.2.2

Materials

5.2.2.1 Micropatterned Substrates
Silicon wafers with patterned cylindrical posts were created to serve as master
molds. Posts were created on a silicon wafer with SU-8 2007 and 2100 photoresist
(purchased from Microchem) using conventional photolithography (see Chapter 3 for
more detailed experimental condition for photolithography). x-PDMS substrate was
prepared by mixing Dow Corning SylgardTM184 pre-polymer and the cross-linker with a
weight ratio of 30:1, degassing for 30 minutes, and pouring the mixture into the master
molds. The mixture was then cured in a 70 °C oven for 6 hours. After the crosslinking
was complete, the x-PDMS substrate with circular holes on the surface was removed
from the mold. The diameters of the circular holes defined by photolithography included:
d=40 μm, 200 μm, and 500 μm; and the depths of the holes were h=9 μm, 15 μm, and 140
μm, respectively, as measured by Zygo NewViewTM 7300 optical profilometer. An
overview of the preparation conditions are summarized in appendix A.

5.2.2.2 Laminating Films
Three different polymers were chosen as the film material for this experiment to
observe how the film properties may affect the filling of the microwells: Polystyrene
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(PS), cross-linked Sylgard 184 (x-PDMS), and Parylene N (PPX-N).
Atactic PS with Mw~130 kg/mol was used as received from Sigma Aldrich as the
film material. PS solution in toluene was prepared at 3 weight percent concentration and
spun cast on a clean silicon wafer at 3000 rpm. The thickness of PS film was 120 ± 3.4
nm as measured by a Filmetrics F20 Interferometer.
For the x-PDMS and PPX-N films, a sacrificial layer was deposited first to ensure
the separation of the film from the silicon wafer. Polyacrylic acid (PAA), purchased
from Sigma Aldrich, dissolved in ethanol at 2 weight percent was spun coat on a clean
silicon wafer as a sacrificial layer at a speed of 2000 rpm for 2 minutes. x-PDMS film
was prepared by mixing Dow Corning SylgardTM184 pre-polymer and the cross-linker
with a weight ratio of 20:1 and diluting the mixture at a weight ratio of 1:3 with hexane.
The solution was spun coat on top of the PAA layer at a speed of 3000 rpm for 1 minute
and cured at 70 °C for 4 hours to obtain x-PDMS films. The x-PDMS film thickness was
2.8 ± 0.3 μm as measured by Zygo NewViewTM 7300 optical profilometer.
PPX-N film was prepared using physical vapor deposition technique using a
deposition furnace[86]. Di-para-xylene was purchased from Parylene Coating Services,
Inc. The deposition furnace was first evacuated to a pressure of 10-3 Torr, and di-paraxylene was sublimed at 120 °C. The vaporized molecules were then pyrolyzed at 700 °C,
producing para-xylene monomers. The monomers were polymerized by free-radical
polymerization on the surface of the PAA-coated silicon wafers at room temperature to
form PPX-N film. Samples were placed 25-45 cm away from the pyrolysis zone. The
PPX-N film thickness was 130 ± 6 nm as measured by Zygo NewViewTM 7300 optical
profilometer.
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5.2.3

Encapsulating Liquids
Reverse Osmosis (RO) water was used as the encapsulating liquid in this

experiment.

In order to visualize the encapsulation of liquid, sulforhodamine B

(purchased from Sigma Aldrich) was mixed in RO water as a florescent dye at a
concentration of 1.2 mg/mL. Sulforhodamine B has maximum absorbance at λ=565 nm
and maximum florescence emission at λ=585 nm[87]. For the salt crystal deposition
experiments, sodium chloride granules, as received from Fisher Scientific, were dissolved
in RO water bath at a concentration of 2.0 mol/L.

5.2.4

Fabrication Process
The spun coat films were floated onto a water surface and the substrates were

placed on a glass slide fixed to a piezo-controlled linear actuator (EXFO Burleigh
Inchworm Motor 8200). The substrates were immersed into the water and the film was
attached to the substrate surface. The substrates were then pulled out at an angle of 45° at
varying velocity between 5 μm/sec and 1000 μm/sec, as shown schematically in Figure
5.1. As the substrates were pulled out, water was trapped in the microwells and the film
was laminated onto the substrate surface in one-step.

5.2.5

Characterization
An upright Optical Microscope (Zeiss AxioTech Vario, Pixel Link CCD camera),

an inverted optical microscope (Zeiss Axiovert 200M, HBO100 mercury lamp), and an
optical profilometer (Zygo Newview 7300) were used for characterizing the film
deformation and salt deposition. The water receding contact angle was measured using
deionized water at room temperature (VCA-Optima TM, AST, Inc.) for a flat x-PDMS
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substrate. The size of the salt crystals was measured from the projected area of the salt
crystals with ImageJ software on images collected using an upright optical microscope.

5.3

Results and Discussions

5.3.1

Time Evolution of Encapsulation
The topographies of the x-PDMS substrate and the PS film after the lamination

process were measured with optical profilometry. Line profiles of the patterned x-PDMS
substrate, shown in a solid line, and the representative cross-section of PS film at low and
medium pull-out velocity, shown in dashed lines, are presented in figure 5.2a. With fast
pull-out velocity ( >1000 μm/sec), it was visually confirmed using optical microscope
that water wet the surface evenly between the film and substrate across the entire surface.
For slow pull-out velocity ( <5μm/sec), almost no water was captured inside the wells
and wrinkles were observed, as shown in the thin dashed line profile in figure 5.2a.
However, with medium pull-out velocity (5 μm/sec< <1000 μm/sec), water was
captured only inside the patterned microwells. Furthermore, wrinkles were not observed
at the medium pull-out velocity, and the film was slightly pulled into the microwells (~8
μm) due to the capillary force as shown in the thick dotted line. The depth of the
patterned well was 15 μm (line profile shown as the solid line), which indicates that the
PS film did not touch the bottom of the patterned microwell. These line profiles were
measured within approximately 30 seconds after the sample was removed from the water
bath.
Figure 5.2b shows the deformation of PS film as time elapsed after removing the
sample from the water bath. The light gray line is the line profile for the medium
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Figure 5.2: Line profiles of the patterned substrate and the film at low and medium pullout velocity, and over time after liquid is captured. a. Line profiles of the patterned xPDMS substrate (d=200 μm, h=15 μm) and the PS film at low and medium pull-out
velocity within 30 seconds of sample fabrication. At low velocity, no liquid was captured
and the film wrinkled (represented by a thin dashed line). However, liquid was captured
and the film was pulled into the microwells for medium pull-out velocity (represented by
a thick dashed line). The solid line shows the line profile of the microwells on x-PDMS
substrate. b. line profiles of the patterned x-PDMS substrate (black) and the film at
medium velocity over time after liquid is captured (light gray to dark gray). As time
evolved, the film was pulled into the microwells until the bottom of the patterned well
was reached (line profile of the microwells shown in black line). The time elapsed
between the measurement of the light gray line to the dark gray line is approximately 30
sec. The experiment was conducted at a room temperature of 30 °C and relative humidity
of 41 %.
velocity within 30 seconds of sample fabrication. The cross section of the microwell is
indicated by the black line. The time evolution of the film deformation is shown in light
gray to dark gray lines which corresponds to an elapsed time of about 1 minute. As time
evolved, the PS film continued to deform into the microwell until it came into contact
with the bottom of the patterned microwell.
To explain this representative time evolution of the film topography, we
hypothesized that the water was evaporating through the film material. If the water is
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evaporating through the film, the film may bend into the patterned hole due to the
capillary force. This hypothesis was tested qualitatively by observing and comparing the
behavior of PS film with x-PDMS and PPX-N films. x-PDMS film was chosen to
eliminate the possibility of water evaporating or escaping during the fabrication process
due to the film slipping or delaminating from the substrate. Since the substrate is also xPDMS, we expected better adhesion of the x-PDMS film to the substrate compared to PS
film.

Film slipping or delamination could cause the film to drape into the patterned

holes, similar to what we observed in Figure 5.2b, although no evidence of film slipping
or delamination was observed during our experiment. PPX-N film was chosen to slow
down evaporation through the film material since it is known to have good water vapor
barrier property[88]. Qualitative observation showed that x-PDMS film behaves similar
to PS film, where the film was pulled into the microwells and deformed within 30
seconds of the sample fabrication.

PPX-N film did not deform for 10 minutes,

significantly slowing the evaporation process.

These results imply that the film

collapsing effect is due to the increased capillary forces from evaporation through the
film.
Film properties as well as environmental conditions such as temperature and
relative humidity define the evaporation rate of encapsulated liquid through the film. We
can approximate the diffusion of water vapor across the film at steady state using Fick’s
first law of diffusion:
(5.1)
where J is the diffusion flux, P is the permeability of water vapor through the film
material, x is the film thickness, and ρ1 and ρ2 are the partial pressures of water vapor
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inside and outside of the wells separated by the film, respectively. The evaporation time
t is then calculated as:
(5.2)
where a is the surface area of the film covering the microwell, and v is the volume of
water vapor assuming that the liquid water fills the well to its capacity during the
fabrication method.
Table 5.1 Calculated values of flux and evaporation time with water vapor for PS, xPDMS, and PPX-N film. Literature values for water vapor permeability were used[88–
91], and measured values of film thickness from our experiment were used for the
calculation.
Film
Material
PS
x-PDMS
PPX-N

Permeability
[cm3·cm/(cm2·s·Pa)]
[88–91]
7.3x10-11
3.0x10-9
4.3x10-12

Film thickness
[cm]

Flux
[cm3/(cm2·s)]

Evaporation
time [s]

1.2x10-5
3.0x10-4
1.3x10-5

0.015
0.025
0.001

32
19
590

Table 5.1 summarizes the calculated result for flux and evaporation rate for PS, xPDMS, and PPX-N film at a temperature of 30 °C and relative humidity of 41% for
comparison. The evaporation rate was calculated for a microwell with d=200 μm and
h=15 μm. The calculated evaporation time through a 3 μm thick x-PDMS film was the
shortest at 19 seconds; whereas, the calculated evaporation time for 130 nm thick PPX-N
film was the longest at ~9.8 minutes. These findings are consistent with the experimental
observations, and further suggest that the extent of water evaporation was greater in the
PS and PDMS films. Furthermore, the extent of evaporation is directly linked to the
observed film deformation.
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5.3.2

Effect of Pull-out Velocity and Well Dimensions
Quantifying the amount of liquid captured inside the microwells is difficult to

achieve due to the liquid evaporation. In order to estimate the amount of liquid inside the
microwells, we dissolved solid materials in the filling liquid at a known concentration,
and then the amount of solid materials deposited after liquid evaporation can be used to
estimate the original amount of liquid captured.
Sodium chloride (NaCl) was dissolved in water to investigate how the pull-out
velocity and pattern geometry affect the amount of encapsulated liquid. Figure 5.3a
shows a representative optical image of the deposited salt crystal inside a well. We fixed
the concentration of NaCl at 2.0 mol/L and varied the pull-out velocity, V, and the well
sizes for controlling the size of deposited salt crystals. As the water evaporated, salt
crystals were deposited inside the microwells and protected by the PS film. The wrinkles
axisymmetric to the circular hole pattern occurred as water evaporated due to the film
stretching into the microwells.

Figure 5.3b shows how the size of the deposited salt
μm/sec, the deposited salt crystal size

crystals changed as a function of V. For

increased with increasing velocities. At V greater than 100 µm/sec, the size of the salt
crystals did not change significantly. It should be noted that when V exceeded a critical
value

μm/sec, the solution wet the interface between the film and the substrate,

causing salt crystals to be trapped inside the wells, as well as on the surface between
them.
This observed effect of the pull-out velocity on the amount of liquid captured can
be explained by wetting theory. Consider a smooth surface with no patterns pulled out of
a liquid bath. Assuming that the liquid does not swell the surface material, wetting
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Figure 5.3: Optical microscope image of a deposited salt crystal, and projected area of
the salt crystals as a function of pull-out velocity and microwell volume a. An optical
microscope image of a salt crystal deposited inside the microwell. The diameter of the
well is 200 μm and the depth of the well is 15 μm. The PS film was pulled into the
microwell as water evaporated, which caused the formation of wrinkles axisymmetric to
the circular pattern. b. Projected area of the salt crystals as a function of pull-out
velocity. As the pull-out velocity increased, the deposited salt sizes increased. The pullout velocities were ranged from 5 μm/sec to 1000 μm/sec. The well sizes were kept
constant at d=200 μm and h=15 μm. The plot is on semi-log scale. c. Projected area of
the salt crystals as a function of well volume. The well volumes were varied from 1.1×
104 μm3 to 2.7× 108 μm3. The pull-out velocity was kept constant at 100 μm/sec. The
plot is on log-log scale.
is dependent on the spreading parameter S[92]:
(5.3)
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where

,

,

are the interfacial tensions between solid and vapor, solid and liquid,

and liquid and vapor, respectively.

When

, spreading occurs where conformal

coating is achieved. In contrast, when the fluid does not completely coat the substrate
(

), spreading is dependent on the pull-out velocity V of the substrate. If the pull-out

velocity is above a critical velocity
completely[85,93]. For

, then the liquid covers the substrate

, complete liquid coating does not occur. In this case, the

value of receding contact angle (θr) decreases as V increases until it approaches ~0° at
[94].

Although the exact details of the hydrodynamic processes occurring at the

dynamic three-phase contact line is still under debate[84,85,93], the simplest scaling
description predicted by de Gennes for a flat surface being pulled out of a liquid bath is
sufficient to estimate the critical velocity

[85]:
(5.4)

where η is the liquid viscosity and θe is the equilibrium contact angle between the liquid
and the surface. For our system,
m2/sec, which gives

N/m,

, and

~1000 μm/sec[71]. This is in agreement with our results when we

observed trapped salt crystals in between the patterned wells.
Now, consider a patterned surface pulled out of a liquid bath. When the substrate
is pulled out of the bath, the three-phase contact line is receding over the surface. As the
three-phase contact line comes into contact with the edge of the microwells, it becomes
pinned. The contact line stays pinned as the substrate is pulled out of the bath, and the
contact angle continues to decrease. At a critical contact angle, defined by the balance of
capillary force and the adhesive force of the liquid to the substrate, the contact line de-
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Figure 5.4: Schematic illustration showing the receding water contact angle θr and the
angle between the vertical wall and the line drawn diagonally from the other wall to the
bottom of a microwell, φ. The water is receding towards the right, indicated by the
arrow, at a speed of V.
pins and moves to the other edge of the microwells[82,83]. This pinning and de-pinning
of the contact line, or the stick-slip motion, depends on both the pull-out velocity and the
aspect ratio of the microwells. Figure 5.4 shows a schematic side view of a microwells
interacting with a liquid where θr is the receding contact angle and φ is the angle between
the vertical wall and the line drawn diagonally from the other wall to the bottom. Using
geometry and assuming that the bottom and the side of the well is at a right angle, φ is
defined as:
(5.5)
When

<φ, contact line pins at the edge of the microwells, and the contact angle

decreases before the contact line de-pins and moves to the other edge of the well. This
allows for homogeneous wetting to be observed where complete filling of the microwells
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is achieved. For

>φ, receding liquid reaches the bottom of the well instead of pinning

on the edge of the pattern. This traps air bubbles inside, and heterogeneous wetting is
observed where only partial filling of the microwells is achieved[95].

For our

experiment, φ varied from 74.3° to 85.7° for the three different pattern sizes. The
measured receding contact angle of water on a 30:1 flat PDMS surface at a withdrawal
rate of 0.5 μL/sec was

=84.8±3.9°. Although the values of

experimental system prefered heterogeneous wetting,

and φ suggest that our

was constantly changing due to

the pinning and de-pinning of the contact line for the patterned surface, and

may have

decreased below the value of φ as the three-phase contact line was moving. This change
in receding contact angle as a function of location may have resulted in homogeneous
wetting to be achieved in our experimental system.
Since the amount of liquid that can be trapped inside the well is fixed by the well
volume, there is an upper limit of crystals size that can be deposited by changing V. An
alternative way to control the size of the deposited crystals was to change the pattern size,
hence controlling the amount of solution trapped. Figure 5.3c shows the size of the salt
crystals as a function of the patterned well volume at a constant pull-out velocity of 100
μm/sec. Our experimental results show that increasing the well volume increased the
projected size of the deposited salt crystals. It is important to note here that the aspect
ratio, d/h, varied from 3.6 to 13.3 for the three different patterns under examination. This
difference in the aspect ratio may have affected the amount of liquid encapsulated based
on equation (5.5). However, we observed largest salt crystal deposition for the pattern
with largest volume at a constant pull-out velocity of 100 μm/sec. This result suggests
that the effect of the aspect ratio was dominated by the effect of the pattern volume.
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We proposed a mechanism by which the amount of liquid captured within a
microwell is controlled by pull-out velocity and microwell geometry. However, local
contact line interaction with heterogeneities on a surface, especially in the context of
discontinuous dewetting, has not been fully understood; therefore, it requires a more
thorough investigation and further development of wetting theories. Nevertheless, we
achieved a controlled encapsulation of liquid and developed a film co-lamination process
to fabricate surfaces useful for a wide range of applications.

5.3.3

Demonstration for Application
To explore the versatility of the surface fabricated with this method, we

demonstrated three examples: 1) Rehydration of the deposited salt crystals, 2) removal of
the deposited salt crystals, and 3) yeast cell capture. Figure 5.5a shows the time-lapse
optical microscope images of deposition and rehydration of salt crystals. Due to liquid
evaporation, the film was pulled into the microwells and attached to the bottom of the
well as salt crystals were deposited. The dotted line in each frame shows the contact line
of the PS film to the bottom of the well. The deposited salt crystals were then rehydrated
using a humidity chamber with a relative humidity of 95 %. As the salt crystals were
rehydrated, the area of the contact became smaller and the film detached from the wells.
The removal of the deposited salt crystals was demonstrated by dissolving the
film and subsequently rinsing off the surface. Figure 5.5b are optical microscope images
that show release of the deposited crystals. Here, PS film was removed by placing a drop
of toluene on the surface. Then, the microwells were rinsed by placing water droplets on
the surface and vibrating with a mechanical device. After washing, the unprotected salt
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Figure 5.5: Time-lapse optical microscope images of rehydrated salt crystals and release
of salt crystals by removing the film a. Time-lapse optical microscope images of
rehydrated salt crystals. In the first frame, the water had started to evaporate. The
second frame shows the salt crystals deposited inside each of the wells. The evaporation
was competed and the film had attached to the bottom of the wells (contact area shown
with the dotted line). The salt crystals were rehydrated inside a humidity chamber.
Rehydration is completed in the fourth frame where the deposited salt had completely
dissolved again. The relative humidity inside the chamber was 95 %. The time between
the first frame and the fourth frame was about 2 minutes. b. Removal of the crystals is
demonstrated. The same location from the rehydration experiment is shown. In the first
frame, the sample was dried again and the crystals were deposited. The PS film was
removed by placing a drop of toluene on the surface. PS film was dissolved and the salt
crystals remained inside the wells. Since there was no longer a protective barrier, salt
crystals were rinsed off with water.
crystals were removed from the microwells, as seen in the right image (Figure 5.5b). The
ability to rehydrate and release the deposited crystals shows the versatility of the
fabricated surfaces for variety of applications including sensors and drug delivery.
This fabrication method is also useful in biological applications where it is
interesting to study cell behaviors in geometry-confined environments. Microwells have
been receiving increased attention over the years as a useful tool for large quantity cell
studies[74–76,82,96]. However, many of these reported studies required complicated
80

Figure 5.6: A representative optical microscope image of wild-type yeast cells captured
in the microwells using the fabrication method. The red box shows the area where the
yeast cells were captured. This image was obtained as soon as the sample was fabricated
and submerged in the media.

fabrication steps such as a coating inside wells to promote cell adhesion or several
washing cycles to remove excess cells. To demonstrate that our simple fabrication
method can be used to confine cells inside microwells, we used wild-type yeast cells
suspended in water. X-PDMS film was used as both the substrate (30:1) and the film
(20:1) material. As soon as the yeast cells were encapsulated within the microwells using
our fabrication method, the samples were submerged inside yeast extract peptone
dextrose media to prevent evaporation of water. Figure 5.6 is the optical microscope
image of yeast cells confined inside the microwells. The red square shows the area where
the cells are entrapped inside the microwells. The captured yeast cells were observed to
stay active and movement was seen for 40 hours after the fabrication method. The
amount of cells trapped can be controlled by the concentration of cells in water, pattern
sizes, and the speed at which we pull out the sample from the bulk media. Moreover, the

81

substrate and film materials are elastic, which allow for the microwells to be dynamically
reshaped by external stresses without rupture. We believe that this fabrication method
may be useful for studying cell mitosis under various degrees of confinement.

5.4

Summary
We have introduced a one-step fabrication method using discontinuous dewetting

to encapsulate controlled amount of liquid in the microwells. Using the deposition of salt
crystals, we demonstrated that the amount of liquid encapsulated can be controlled by
either varying the pull-out velocity of the sample from the bulk solution or the size of the
pattern on the surface.

We showed the versatility of the fabricated surfaces by

rehydrating and releasing salt crystals, as well as depositing yeast cells in the microwells.
These elastic microwells with entrapped materials have potential applications in sensors
and cell studies.

5.5

Open Questions
The deposition of suspended materials in a liquid media was not explored

extensively for the fabrication method described in this work. For instance, the sizes of
the materials with respect to the microwell geometry will most likely have an impact on
the amount of materials deposited. This fabrication method could also be useful for
aligning small particles for patterning applications.
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CHAPTER 6
CONCLUSION
This work focused on fundamental aspects of buckling deformations that occur on
the surfaces and interfaces of thin polymer films. By taking advantage of geometry and
material constraints, we were able to identify key geometric and material parameters that
affect the formation of buckled features. These findings not only further develop our
understanding of the mechanics of thin film deformation, but also allow for the surface
buckling morphology to be tuned precisely for a wide range of future applications.
A series of experiments were designed to explore the key variables and
parameters that affect the buckling mechanism of a thin film. We first examined the
transition from sinusoidal wrinkles to more complex strain localized structures, such as
folds and delaminations, of a glassy thin film placed on top of an elastomeric substrate.
A critical strain map was constructed, where the film thicknesses and substrate modulus
was shown to affect the transition point from wrinkling to strain localization. Our
experimental system also revealed that multiple folds form in contrast to a single fold that
forms, as observed of a film floating on a liquid substrate. This is an important finding
since the elastomeric substrate can support a shear stress, in contrast to liquid, thus
allowing multiple folds to form across the entire surface.
In order to control the wrinkling morphology, we introduced a geometrical
confinement in the form of rigid boundaries.

Amplitude analysis revealed that the

wrinkles started adjacent to the rigid boundaries and propagated towards the middle as
applied strain was increased. This phenomenon signified that local strains varied as a
function of applied strain as well as distance from the rigid boundaries. Furthermore, we
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demonstrated that the wave number is controlled by changing the distance between the
rigid boundaries. These findings impact development of applications that require tuning
of local strains, such as for designing stretchable microelectronics where maximum
mobility enhancement may be achieved by precise control of wrinkling morphology.
Building on our understanding of how boundary conditions affect the wrinkle
morphology, patterned elastomeric substrates were used to control the local stress
distributions and thus, the location and morphology of wrinkles. Two distinct wrinkled
regions were achieved for a free-standing membrane over the patterned substrate and for
regions where the film is supported by the substrate. The free-standing membrane
wavelength and amplitude followed the scaling of λm~-1/4 and Am~1/4. The wrinkle
morphology of the free-standing membrane was also affected by the pattern geometry. In
contrast, the substrate-supported film wavelength showed no dependence on applied
strain and the amplitude followed the scaling of As~1/2. These scaling relationships
show that fine tuning of the wrinkling wavelength and amplitude can be achieved by
controlling the applied strain. Also, the wrinkling wavelength and amplitude of a freestanding membrane can be tuned independently from the substrate-supported wrinkles by
changing the pattern sizes. This experimental design allows for the fabrication of a
versatile wrinkled surface for optical and electronics applications.
Finally, we used our knowledge of thin film and elastomer interfaces to develop a
simple method, based on discontinuous dewetting, to encapsulate a small amount of
water in hydrophobic microwells.

We showed velocity and pattern size-controlled

encapsulation by the amount of salt crystal deposited using this method. Additionally,

85

the versatility of this technique is demonstrated by capturing and culturing yeast cells
inside microwells.
Overall, the results and analysis presented here provide a more complete
understanding of geometric and material parameters that affect the buckling process of
thin films.

With our knowledge of the relationship between wrinkling and strain

localization, we may start to explore the possibility of using strain localized structures to
fabricate more complex patterns and structured surfaces.

The control of wrinkle

morphology by engineering the boundary conditions that was demonstrated in this work
provides new pathways to utilize wrinkling for robust technological applications.
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APPENDIX A
SUMMARY OF MATERIALS AND EXPERIMENTAL CONDITIONS
The tables listed in this appendix summarize the materials and experimental
conditions used for each of the chapters for the work discussed in this thesis.
Chapter 2: Wrinkling and Strain Localizations
•

Film Material: Polystyrene (PS)

•

Substrate Material: Cross-linked Dow Corning Sylgard 184™ (x-PDMS)

Table A1.1: Materials for Wrinkling and Strain Localizations Experiments

PS

Mw

Concentration in toluene

Spin coating speed

Film thickness

115 Kg/mol,
1050 Kg/mol

0.25-3 weight %

1000-4000 rpm for
1 minute

5-180 nm

x-PDMS

Mixing ratio

Curing temp/time

10:1, 20:1

70 °C, 20 hours

Modulus
1.95±0.3 MPa,
0.75±0.05 MPa

Sample Size
6 cmx1 cmx4 mm

Chapter 3: Wrinkling with Confined Boundaries
•

Film Material: Norland Optical Adhesives 60 (NOA-60)

•

Substrate Material: Cross-linked Dow Corning Sylgard 184™ (x-PDMS)

Table A1.2: Materials for Wrinkling with Confined Boundaries Experiments

NOA-60

x-PDMS

Concentration in
toluene

Spin coating speed

UV curing time

Film Thickness

50 weight %

500 rpm for 10 sec,
3000 rpm for 30 sec

2 min/1200 Watts

3±0.2 μm

Mixing ratio

Curing temp/time

Modulus

Sample Size

10:1

70 °C, 12 hours

1.2±0.08 MPa

1.5 cmx1.5 cmx1 cm
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Chapter 4: Mechanics of Wrinkling Membranes
•

Film Material: Polystyrene (PS)

•

Substrate Material: Cross-linked Dow Corning Sylgard 184™ (x-PDMS)

Table A1.3: Materials for Mechanics of Wrinkling Membranes Experiments

PS

Mw

Concentration in toluene

Spin coating speed

Film thickness

130 Kg/mol

0.75-5 weight %

3000 rpm for
1 minute

30-800 nm

x-PDMS

Mixing ratio

Curing temp/time

Modulus

Sample Size

20:1

70 °C, 12 hours

0.75±0.06 MPa

5 cmx1 cmx3 mm

Chapter 5: Liquid Encapsulation in Microwells
•

Film Material: Polystyrene (PS), Dow Corning Sylgard 184™ (x-PDMS),
and Parylene-N (PPX-N)

•

Substrate Material: Cross-linked Dow Corning Sylgard 184™ (x-PDMS)

Table A1.4: Materials for Liquid Encapsulation in Microwells Experiments

PS

Mw

Concentration in toluene

130 Kg/mol

3 weight %

Mixing ratio Concentration in Hexane
x-PDMS

20:1

3:1

Mixing ratio Curing temp/time
x-PDMS

30:1

70 °C, 6 hours

Spin coating speed
3000 rpm for
1 minute
Spin coating speed
3000 rpm for
1 minute

Pattern diameter

Film thickness
120±3.4 nm
Film thickness
2.8±0.3 μm

Pattern depth

40 μm, 200 μm, 500 μm 9 μm, 15 μm. 140 μm
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APPENDIX B
MATLAB CODE
The amplitude data was taken using optical profilometer, and Matlab® was used
to write a program to construct am amplitude histogram plot from the three-dimensional
data. An example of the Matlab® code used for horizontally aligned buckled structures
is shown below.
%This function takes in 3D data (x,y,z) and finds local maximum and minimum.
%After that, it finds the amplitudes and plots them in histogram format.
%only works when the wrinkles are formed horizontally.
z = sample1_1; %file name
x = [1:1:640]; %number of points on x
y = [1:1:480]; %number of points on y
A = zeros(480,640);
for j = 1:1:640;
z_j = z(:,j);
N = length(y)-2;
h = y(2)-y(1);
f = zeros(N+2,1);
f(1) = (1./(2.*h)).*((-3.*z_j(1)))+(4.*z_j(2))-(z_j(3));
f(2) = (1./(2.*h)).*((-3.*z_j(2)))+(4.*z_j(3))-(z_j(4));
f(N+1) = (1/(2.*h)).*(z_j(N-1))-4.*z_j(N)+3.*z_j(N+1);
f(N+2) = (1/(2.*h)).*(z_j(N))-4.*z_j(N+1)+3.*z_j(N+2);
for k=3:N
f(k)=(1./(12.*h)).*(z_j(k-2)-8.*z_j(k-1)+8.*z_j(k+1)-z_j(k+2));
%First derivative approximation
end
index_j = find(f(1:end-1).*f(2:end)<0);
%Find where the first derivative crosses zero
d_j = z_j(index_j);
%Find the index number where the first derivative crosses zero
for i = 1:length(d_j)-2
A(index_j(i),j) = (abs(d_j(i+1)-d_j(i))+abs(d_j(i+2)-d_j(i+1)))/2;
%amplitude values between local max and min
end
end
t = nonzeros(A);
s = mode(mode(t));
[u,v]=hist(t,10000);
g = max(u);
h = (u./g);
bar(v,h,0.1)%plotting histogram
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